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Abstract           i 
Abstract 
The current explanation for the absence, or low abundance, of filter-feeding 
invertebrates from some rocky shores is that because of local variation in nearshore 
oceanographic conditions, larvae do not arrive in sufficient numbers to establish 
populations. One putative consequence of this is that macroalgae are able to establish 
dominance in areas where filter-feeders (especially mussels) do not recruit well. While 
macroalgae have been transplanted to mussel-dominated shores with varying success, 
the survival, growth and reproduction of transplanted mussels has not been tested in 
areas dominated by macroalgae.  
 To determine specifically what tips the balance between shores dominated by 
filter-feeding invertebrates and those dominated by macroalgae, I monitored the 
recruitment of intertidal mussels at four sites on the Kaikoura coast: two with mussels 
present and two algal-dominated. No significant differences in mussel recruitment rates 
were found between habitats and recruitment intensity at all sites was found to be very 
low. Recruitment limitation is not the reason for the absence of mussels from algal 
dominated shores but some form of limitation does occur to reduce the number of 
arriving mussels.  
 Predation effects were examined by transplanting juvenile mussels into caged, 
uncaged and control treatments. No significant differences in predation rates between 
habitats were found and transplanted mussels in open cages at all sites were removed 
within 3 days. Mobile fish predators appeared to be the most likely cause of this intense 
predation.  
Growth of transplanted mussels into algal and mussel habitats was found to be 
significantly different. Mussels grew faster in mussel dominated habitats and after 6 
months in algal dominated habitats, all mussels had died.  
The outcome of these experiments indicates that there is a close relationship 
between recruitment, survival and growth which tips the balance and allows the 
existence of mussel beds along the Kaikoura coastline.    
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Chapter 1: General Introduction 
 
The current explanation for the absence or low abundance of filter-feeding 
invertebrates from some rocky shores is that local variation in nearshore 
oceanographic conditions prevent larvae from arriving in sufficient numbers to 
establish or maintain populations (Gaines and Roughgarden 1985, Schiel 2004). 
One putative consequence of this is that macroalgae are able to establish 
dominance in areas where filter-feeders, especially mussels, do not recruit 
successfully (Connolly and Roughgarden 1999). Much of the Kaikoura coastline 
(South Island, New Zealand) is dominated by macroalgal communities in either 
wave-exposed and sheltered conditions (Menge et al. 1999, Schiel 2004). Although 
macroalgae are the dominant habitat-occupiers, there are several sites on this 
coastline where filter-feeding invertebrates are abundant. The research in this thesis 
examines whether or not mussels make it to algal areas and if they do, whether they 
are able to grow and survive. The general goal is to understand why either algae or 
filter-feeding invertebrates, but usually not both, dominate rocky-shores. 
 
 
 
1.1 Background: 
For many years ecologists have proposed models explaining the relative importance 
of biological and physical processes in determining community structure (Kitching et 
al. 1959, Hairston et al. 1960, Dayton 1971, Paine 1974, Connell and Slatyer 1977, 
Connell 1978, Sousa 1979, Suchanek 1981, Connell and Sousa 1983, Menge and 
Sutherland 1987, Menge et al. 1994, Bertness and Leonard 1997, Sherwood and 
Petraitis 1998, Connolly and Roughgarden 1999). These models of marine 
community structure have been developed largely from decades of well-researched 
data on mussel and barnacle communities. Mussel beds are intrinsically complex in 
terms of their demography, physical structure, associated biota and interactions and 
so any relationships involving them are thought to be complex (Connell 1970, 
Menge 1976, Suchanek 1981, Connell 1985, Paine et al. 1985, Barkai and Branch 
1988, Petraitis 1991, Seed and Suchanck, Wooton 1993, Possingham et al. 1994).  
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One of the first population regulation models was proposed by Hairston et al. in 
1960. He suggested there was a relationship between methods of population control 
and the trophic position of a species. The model states that all organisms that fall 
into the producer, carnivore and decomposer trophic levels are limited by resources 
and suffer from interspecific competition in a classic, density-dependent manner. 
Herbivores are seldom food-limited, but are limited instead by predation and are 
therefore not likely to compete for food resources. In accordance with Hairston’s 
model, mussel populations, because they are classified as filter-feeding omnivores 
or producers in his model, suffer from interspecific competition and will be limited by 
their resources (Hairston et al. 1960). However, Hairston’s (1960) model is more 
explicitly aimed at terrestrial populations where omnivory is often considered to be 
less important. This is not the case in aquatic environments (Menge 2000b). For 
example, Duffy and Hay (2000) found that omnivory plays a key role in marine 
communities where the dominance of large brown seaweeds in North Carolina, USA 
is facilitated by the presence of omnivorous fish that eat grazing invertebrates.  
Consequently, the applicability of the Hairston model may be limited in the marine 
environment, as it also does not address the changes in the role of distribution, 
abundance or diversity at different trophic levels within communities (Menge and 
Sutherland 1987). More recently, the number of factors in community models has 
increased to address more specific questions about how species communities and 
populations are regulated and include competition, predatory distribution and larval 
supply, intensity of competition, predation and/or disturbance in the regulation of 
intertidal (Paine 1966, Connell 1978, Menge and Sutherland 1987).   
 
In their models of community structure, Menge and Sutherland) asked two main 
questions to address the roles of key factors in regulating communities: do patterns 
of community structure respond predictably to variation in ecological processes 
(disturbance, competition, and predation), and does the importance of different 
ecological processes vary predictably in response to variation in environmental 
conditions (environmental stress and recruitment density)? Within the models, all 
mobile organisms are considered to be strongly affected by environmental stress, 
more so than sessile organisms, and food-web complexity decreases with 
increasing stress. 
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The Menge and Sutherland (1987) model predicts changes in the importance of 
biological and physical factors along gradients in recruitment. Under the assumption 
of high recruitment, the model makes three predictions. In stressful environments 
consumers have little or no effect as they are absent or inactive and the importance 
of competition for space is reduced because it takes longer for resource shortages 
to develop. Both sessile and mobile consumers are regulated by environmental 
stress and in moderately stressful surroundings consumers are still inefficient, but 
sessile organisms are less affected by stress and therefore, maintain higher 
densities leading to a greater competition for space. Finally, in benign environments, 
consumers limit competition for space unless prey can escape predation and reach 
high abundances. With a decrease in recruitment density, the importance of 
competition for a given level of environmental stress is predicted to be lower. 
Population diversity is also predicted to be lower in harsh environments, because of 
general intolerance to such conditions. With environmental moderation diversity 
increases because of the intermediate-disturbance effect in which diversity is 
greatest when disturbance is neither too rare nor too frequent (Connell 1978).  
 
Many models of community regulation have been tested on rocky intertidal shores 
and have often focused on the interactions of mussels and barnacles within their 
communities (Dayton 1971, Paine 1971, 1974, Menge 1976, Connell 1978, Connell 
and Sousa 1983). As with most marine species, the larvae of mussels and 
barnacles have an obligate period in the plankton. Studies of both mussels and 
barnacle populations have shown that sites with higher recruitment intensity have a 
higher abundance of adult invertebrates and less free space, which is an indication 
of greater competition (Connolly and Roughgarden 1999, Menge 2000a, Connolly et 
al. 2001, Forde and Raimondi 2004). However, this is not always the case, and the 
processes responsible for the variable arrival of sessile invertebrates have been the 
subject of many studies (e.g. (Kennedy 1977, Barkai and Branch 1988, Anderson 
and Underwood 1997, Connolly and Roughgarden 1999, Menge 2000a, Bradbury 
and Snelgrove 2001, Connolly et al. 2001, Gilg and Hilbish 2003). 
 
In general, mussels (Family Mytilidae) are seasonally reproductive, but some 
populations are known to produce gametes throughout the year (Seed and 
Suchanck 1992). The time from adult broadcast spawning to juvenile settlement is 
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up to 3 weeks, depending on the availability of suitable habitat. Mussels are known 
to settle on a wide variety of filamentous substrata, including the byssal threads of 
conspecific adults (Bayne 1964), fine branching algae (Seed and Suchanck 1992) 
and many artificial substances, such as the fibrous ropes used in the myticulture 
industry and the ovoid Tuffy TM used by many researchers to quantify mussel 
recruitment on intertidal shores (Seed and Suchanck, Menge et al. 1994, Rilov and 
Schiel 2006). 
 
Oceanographic processes are known to affect the transport and arrival of mussel 
larvae on rocky shores. For example, Menge et al. (1999) suggested that upwelling 
on the west coast of New Zealand leads to higher concentrations of depth-derived 
phytoplankton and consequently high mussel recruitment densities. They also 
suggested that downwelling along the east coast of the South Island could be 
expected to bring larvae to shore and/or to keep those released there by adults near 
shore, but would carry weaker swimming larvae and nutrients to deeper depths thus 
reducing their successful recruitment. However, this contrasts greatly with general 
upwelling predictions where recruitment in Oregon and California was found to be 
lower during upwelling events as coastal waters were moved seaward from adult 
populations (Shkedy and Roughgarden 1997, Connolly and Roughgarden 1999, 
Chiswell and Schiel 2001, Connolly et al. 2001, Nielson and Navarette 2004, Schiel 
2004, Shanks and Brink 2005). Settlement was restricted to episodes of upwelling 
relaxation or barnacles settled on the offshore rocks or islands, creating a 
recruitment shadow (Connolly et al. 2001). More recently, Shanks and Brink (2005) 
at Duck, North Carolina, found that during upwelling conditions, bivalve larvae were 
not necessarily transported offshore. Movement of larvae during different transport 
conditions was species-specific and dependent on their vertical position in relation 
to the thermocline.  
 
The influences of large-scale oceanic conditions on larval transport are further 
modified by fine-scale local factors on intertidal shores that can affect settlement 
(Barkai and Branch 1988, Petraitis 1990, Caley et al. 1996, Helson and Gardner 
2004). Micro-scale factors include surface roughness, rock cracks, sessile 
organisms already present, pools, channels, and protected and exposed ledges 
(Barkai and Branch 1988, Petraitis 1990, Caley et al. 1996, Helson and Gardner 
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2004). The importance of these factors to successful settlement is further 
complicated by the behavioural traits of competent larvae, such as primary and 
secondary settlement and mussel larval preference for settling near adult 
conspecifics (Bayne 1964, Kennedy 1977, Seed and Suchanck 1992, Buchanan 
and Babcock 1997) 
 
Behavioural settlement traits were first examined in the mussel Mytilus edulis by 
Bayne (1964). He discovered that Mytilus will successively pass from the plankton 
to the first settlement site, detach and drift until the final, most suitable, settlement 
place is found. This mechanism was suggested to be an adaptation that could 
reduce competition between juvenile larvae and adult populations and act as a 
means of finding the most appropriate habitat for settlement. This research has 
been supported by many scientists (Bayne 1964, Kennedy 1977, Seed and 
Suchanck 1992, Buchanan and Babcock 1997). 
 
 However, some studies have not seen the role of secondary settlement. On the 
south east coast of South Africa, Erlandsson and McQuaid (2004) found a positive 
relationship between adults and recruits of the species Perna perna and suggested 
that juveniles settle directly into adult mussel beds because they create a 
heterogeneous matrix suitable for juvenile mussel recruitment and survival. 
However, regardless of the presence or absence of secondary settlement, larval 
behaviour has important consequences for intertidal community structure, 
particularly if larvae will not settle in intertidal habitats lacking substantial adult 
mussel populations. 
 
Following successful recruitment, mussel survival is affected by factors such as food 
availability (Dahlhoff and Menge 1996, Alunno-Bruscia et al. 2000), competition 
(Watanabe 1984, Wooton 1993, Petraitis 1995), and predation (Menge 1978, 
Menge 1983, Barkai and Branch 1988, Robles 1997, Hunt and Schiebling 1998, 
Petraitis 1998, Connolly and Roughgarden 1999, Patrick 2001). Differences in the 
quantity of phytoplankton supplied to mussels can significantly impact their survival 
and growth (Dahlhoff and Menge 1996). For example, Gardner (2000) suggested 
that mussels may be absent from much of Cook Strait, because of some form of 
seston (food) limitation. Physiological and biochemical responses in mussels are 
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known to occur rapidly as nearshore phytoplankton concentrations change, and 
these bottom-up factors can lead to differences in community structure through 
changes in predator and prey abundances (Dahlhoff and Menge 1996).  
 
Differences in predation rates can lead to significant variability in many ecosystems, 
sometimes producing dramatic changes in the abundance and size distribution of 
prey species and the composition, and species diversity of (Navarette et al. 2005). 
Two major experimental procedures have been used to attempt to clarify the role of 
predators in the structure of intertidal communities. The first is manual removal of all 
predators from an area (Paine 1966). The second is exclusion of predators from 
selected areas of the shore through experimental treatments (Fairweather et al. 
1984). By keeping the density of predators in selected areas at or near zero, both 
methods allow the effect of predators on the manipulated area to be measured 
(Fairweather et al. 1984). 
 
One of the first predation experiments was done by Kitching (1959). In this study, 
mussels were transplanted from wave-swept sites to more sheltered shores and 
their rate of consumption by crabs and whelks was observed. Mussel beds were 
successfully formed in sheltered areas where predators appeared to be removed by 
episodes of oxygen deprivation, and on wave-beaten points where hydrodynamic 
stress appeared to hinder predator foraging. In these circumstances, physical 
factors appeared to have some indirect bearing on patterns of zonation by 
regulating the intensity of predation. These findings suggested that predators may 
be more susceptible to the physical stress associated with exposed conditions thus 
creating prey refuges from predation. 
 
The complete predator fauna of temperate intertidal shores is a diverse assemblage 
of species with a wide variety of foraging adaptations (Robles 1987). A common 
problem for predators such as sea stars and whelks is that foraging can often be 
hindered by wave-exposed conditions (Menge 1978). When submerged, these 
predators are able to forage, but move more slowly and often require longer prey-
handling times (Dayton 1971). Prey can accumulate higher on the shore where 
submergence times are limited, reducing the effect of predation and causing the 
upper shore to become a spatial refuge from predation (Rilov and Schiel 2006). 
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These ideas of prey refuge and zonation support the concept that if top-down 
conditions were changed then significant impacts would be seen on lower trophic 
levels, but this may depend on environmental conditions.   
The effects of exposure on predation and prey-handling times have been examined 
many times in differing locations (Menge 1976, 1983, Menge and Sutherland 1987, 
Navarette 1996, Connolly and Roughgarden 1999, Patrick 2001). Menge (1983) 
suggested that differences in predation intensity over exposure gradients can be 
attributed to increases in individual predator effectiveness, and to the numbers of 
individual predators and predatory species. He found that predation by starfish and 
gastropods in the low shore of exposed sites in New England were negligible. 
Consequently, Mytilus edulis out-competed barnacles (Balanus) and algae 
(Chondrus crispus), and dominated space. At sheltered sites, predation levels were 
high and barnacles and algae were abundant, while sites of intermediate exposure 
had intermediate predation levels, with a mixed mussel and algal community 
(Menge 1983). Robles (1987) also found differences in predation rates due to 
exposure effects on an intertidal rocky shore. He discovered that despite continuous 
recruitment of small mussels, the shores of Santa Catalina Island, USA, had no 
mussel beds, and upper shore levels had an extensive cover of perennial algae. In a 
series of caging experiments he found that lobsters were removing mussels during 
high tide. However their effects varied across sites of different exposures due to 
their inability to forage in exposed conditions. These results were paralleled by 
Osman and Whitlatch (2004) who established from previous studies that, regardless 
of larval supply, predation by crabs and sea stars on new ascidian recruits in 
southern New England could potentially control benthic populations. They 
concluded that while predation on adult mussel species was negligible, the effect of 
predation on new recruits was substantial enough to result in differences in the 
development and eventual species composition of the community (Osman and 
Whitlatch 2004).  
 
In New Zealand, Menge et al. (1999) found predatory invertebrates to be in short 
supply on east coast shores of the South Island compared to shores on the west 
coast. The Thaiidid whelk, Lepsiella scobina, was found only at mid and high tidal 
levels, and the low intertidal whelk species, Thais (Dicathais) orbita and Haustrum 
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haustorium, were rarely encountered. The seastar Stichaster australis, a common 
predator on west coast shores, was very scarce on east coast shores. 
 
Most recently, Rilov and Schiel (2005) examined landscape-dependent, food-web 
linkages and the scales of predation and recruitment occurring on rocky intertidal 
shores in southern New Zealand. They found that when subtidal reefs were present, 
predation was greater at low shore levels. Predation was more rapid in the low 
shore than at mid and high shore levels, which was due to a longer foraging time for 
subtidal predators. They also suggested that despite such intense predation, 
mussels are able to grow large enough to reach size refuges from fish predation and 
provide a habitat for recruitment and protection of juvenile settlers.  
 
There is still great debate about the processes that determine habitat dominance on 
intertidal shores (outlined in Schiel (2004)). My study was prompted by the 
observations that although mussels are common on some exposed shores, they are 
largely absent from interspersed platforms dominated by macroalgae. Current 
hypotheses are that algae persist because of mussel recruitment failure (Connolly 
and Roughgarden 1999), interference by algae or differential predation among 
shores (Schiel 2004, Rilov and Schiel 2006). Three main hypotheses were tested by 
sampling a series of experiments at sites near Kaikoura on the East Coast of the 
South Island. The first examines whether these shores are dominated by algae 
because mussel recruitment is limited or are these shores algal dominated as a 
result of the second hypothesis exploring whether or not mussels are being 
controlled by greater predation intensity at algal dominated sites. The final 
hypothesis looks at the idea that if mussels were able to reach algal dominated 
shores would they be able to survive and grow? 
 
 
1.2 Study Outline 
The research in this thesis is divided into two major components; pre- and post- 
recruitment processes. Chapter 2 examines how pre-recruitment processes affect 
the abundance of habitat-forming mussels on algal and mussel dominated reefs. It 
addresses factors such as habitat structure, larval arrival and the relationship 
between recruitment and adult abundances around the Kaikoura Peninsula. Post-
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recruitment processes affecting these assemblages are addressed in Chapter 3, 
where the ability of small mussels to withstand predation pressure and their general 
survival and growth in the two different habitats are examined. Chapter 4 is a 
general discussion of the research, examining the factors that tip the balance 
between the dominance of macroalgae or filter-feeding invertebrates in rocky shore 
assemblages. 
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2.1 Introduction 
 
This study was done at four sites around the Kaikoura Peninsula on the East Coast of 
the South Island of New Zealand. Sites were chosen for to their physical and biological 
similarities, particularly similar rock types, shore height, wave exposure and dominant 
species assemblages. A generally similar assemblage of benthic invertebrates and 
macroalgae was found at all sites. Durvillaea antarctica, Carpophyllum maschlocarpum 
and large branching clumps of the green alga Chaetomorpha coliformis were the 
dominant macroalgae. The sea stars Stichaster australis and Astrostole scabra were 
the most abundant predators, and the snakeskin chiton Sypharochiton pelliserpentis 
and limpets of the genus Cellana and Siphonaria were abundant grazers. The major 
difference between the sites was the presence or absence of mussels. The two mussel 
sites (Blue Duck and Raramai) contained the four main species of intertidal mussel 
found throughout New Zealand rocky intertidal habitats: Mytilus galloprovincialis, Perna 
canaliculus, Xenostrobus pulex and Aulacomya ater maoriana. The two sites 
dominated by algae (Black Miller and Slow vehicle bay) were chosen for the noticeable 
absence of any mussel species.  
 
Black Miller (42º14’07.87”S 173º50’49.23”E) is the most northern site, approximately 35 
km north of the Kaikoura Peninsula and is dominated by algae, specifically the bull kelp 
Durvillaea antarctica in the low-shore and coralline turf in the mid-shore. Blue duck 
(42º16’50.16”S 173º34’62.131”E) is approximately 20 km north of the Kaikoura 
Peninsula and is dominated by the bull kelp Durvillaea antarctica, coralline turf and a 
mussel bed mostly made up of the endemic green shell mussel Perna canaliculus. This 
site is located on a small headland between two small mountain streams The Blue duck 
and The Irongate stream. The third site, was named Slow Vehicle Bay (SVB) 
(42º27’45.32”S 173º32’40.49”E) as no obvious geographic features could be found. It is 
approximately 15 kms south of the Kaikoura Peninsula, and is dominated by exposed 
algal assemblages. The final site, Raramai (42º28’29.62”S 173º32’03.41”E) is 
approximately 18 km south of Kaikoura Peninsula and is dominated by bull kelp, and 
corallines,  and the widely distributed blue mussel Mytilus galloprovincialis. These sites 
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were interspersed over approximately 55 km of coastline and were used to test 
processes with and without mussels in the presence of macroalgae. 
 
 
 
Plate 1.1 Location of study sites around the Kaikoura Peninsula, South Island, New Zealand. 
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Plate 1.2 Algal habitat; Black Miller (A1), South Island, New Zealand. 
 
Plate 1.3 Mussel habitat; Blue Duck (M1), South Island, New Zealand. 
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Plate 1.4 Algal habitat; Slow vehicle bay (A2), South Island, New Zealand. 
 
Plate 1.5 Mussel habitat; Raramai (M2), South Island, New Zealand. 
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2.2 Methods 
 
To examine the magnitudes of wave exposure at each site, maximum dynamometer 
readings were collected weekly during the New Zealand winter months; June July and 
August. Maximum wave force was measured at each site over a period of 3 months 
using dynamometers made to the specifications of (see: Bell and Denny 1994). 
Dynamometers measure maximum wave force over a sampling period. Measurements 
were collected weekly for three months over the autumn/ winter months April, May and 
June. Sea temperature data was kindly provided by the National Institute of Water & 
Atmospheric Research Ltd (NIWA) for the period October 2004 to December 2006.  
 
Faunal and floral composition at each of the chosen sites was determined by 10 x 1m² 
low shore haphazardly placed quadrats. Percentage cover of algal species and sessile 
invertebrates were estimated and counts of all mobile invertebrates were done.  
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2.3 Results 
2.3.1 Environmental parameters 
A one way ANOVA of mean wave force showed that there was no significant difference 
between the wave action at each site (F3,44=1.352, P=0.27). Blue Duck received the 
highest mean wave force of 57N followed by Slow vehicle bay at 55N (Figure 2.1). 
 
Measurements relative to the Chart Datum at all sites showed that all low shore study 
sites were within +/- 0.277m of each other. Blue Duck was the highest site at 
approximately 0.81m above Chart Datum and Raramai had the lowest low shore zone 
measured at 0.53m above Chart Datum.  
 
Average monthly sea temperature in Kaikoura ranged from 10ºC to 18ºC from October 
2004 until March 2006 (data from the NIWA recording station at the New Wharf in 
Kaikoura). Air temperature was taken from the same station and show peaks of around 
18ºC in the summer and a trough of 10ºC in winter (Figure 2.2). 
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Figure 2.1 Mean relative maximum wave force (N) (± SE) taken from dynamometer readings at 
both algal (Black Miller, Slow Vehicle Bay) and mussel dominated habitats( Blue Duck, and 
Raramai). 
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Figure 2.2 Average monthly sea and air temperatures taken from the New Wharf Kaikoura 
from October 2004 through March 2006. 
 
 
2.3.2. Community composition 
A comparison of dominant organisms between sites within algal and mussel dominated 
habitats showed that there were similarities between the dominant species of algae and 
mobile invertebrates at each site. However, mussels were only present at mussel 
dominated habitats (Figures 2.3 and 2.4)  
  
There were 11 main species or groups that dominated the low-shore zone at both sites 
within each habitat (Figure 2.3 and 2.4). The most abundant algal species at all sites 
were the turfing coralline species Jania microarthrodia and Corallina officinialis. The 
bull kelp Durvillaea antarctica was the dominant fucoid alga on the low shore at all sites 
but Raramai had a greater cover of Carpophyllum maschalocarpum than any of the 
other sites. There was also a difference in the dominant mussel species at the two 
mussel sites. Blue Duck had mostly the endemic mussel Perna canaliculus, whereas 
Raramai had mostly the blue mussel Mytilus galloprovincialis (Figures 2.3 and 2.4). 
The small green alga Chaetomorpha coliformis was present in the habitats only in the 
two sites dominated by algae. Bare space was present at Southern sites only, Raramai 
and Slow Vehicle Bay (SVB).  
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Figure 2.3 Mean percentage cover (± SE) of sessile species in the low shore at the two algal 
habitats, Black Miller (A1) (white) and Slow vehicle bay (A2) (black). Full species names: 
Durvillaea antarctica, Carpophyllum mascholocarpum, Chaetomorpha coliformis, 
Splachnidium rugosum, Aulacomya ater maoriana, Mytilus galloprovincialis, Perna 
canaliculus, and Chamaesipho sp. Paint = crust-forming corallines, Tar = crust-forming algae, 
Turf = turf-forming corallines. 
 
 
 
0
5
10
15
20
25
30
35
40
45
D
ur
vi
lla
ea
 
Pa
in
t
Tu
rf
U
lv
a 
sp
C
ar
po
ph
yl
lu
m
 
C
ha
et
om
or
ph
a 
Ta
r
Sp
la
ch
ni
di
um
Au
la
co
m
ya
M
yt
ilu
s
Pe
rn
a
ba
re
 s
pa
ce
Pe
rc
en
ta
ge
 c
ov
er
 (±
 S
E)
Blue Duck
Raramai
 
Figure 2.4 Mean percentage cover (± SE) of sessile species in the low shore at the two mussel 
habitats, Blue Duck (M1) (white) and Raramai (M2) (black). Full species names: Durvillaea 
antarctica, Carpophyllum mascholocarpum, Chaetomorpha coliformis, Splachnidium rugosum, 
Aulacomya ater maoriana, Mytilus galloprovincialis, Perna canaliculus, and Chamaesipho sp. 
Paint = crust forming corallines, Tar = crust-forming algae, Turf = turf-forming corallines. 
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Figure 2.5 Average numbers of limpets (± SE) in low shore quadrats (n= 40) in algal vs. mussel 
habitats (sites combined within each) Black Miller and SVB (black), Blue Duck and Raramai 
(white).  
 
 
 
 
 
Grazing gastropods and predatory whelks were not abundant in the low shore at all 
sites (Figure 1.5). The small Patellogastropod Patelloida was the dominant invertebrate 
grazer at all sites. Small numbers of the snakeskin chiton Sypharochiton pelliserpentis 
and the Patellid limpets Cellana radians and Cellana denticulata were also present. 
Predatory whelks from the low shore areas sampled. These cryptic species may be 
affected by high wave exposure and may have been taking refuge in small cracks or 
tide pools.  
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2.4 Conclusion 
 
 
Algal species were found to be similar at all sites regardless of the presence or 
absence of mussels. P. canaliculus was the most abundant species in the low shore at 
Blue Duck and M. galloprovincialis was the most abundant at Raramai. Maximum 
recorded wave-force over the winter months was similar between all sites. Apart from 
the presence or absence of mussels, all sites were similar in many physical aspects. 
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3.1 Introduction 
 
 
Mytilid mussels are a distinctive feature of low to mid-shore intertidal zones worldwide 
and represent an obvious and vital ecological element of rocky shore communities 
(Seed and Suchanck 1992). According to Menge et al. (1999) the exposed east coast 
shores of southern New Zealand have high zones that are dominated by barnacles and 
mid- and low-shore zones that are dominated by mussels. Mytilus galloprovincialis is 
the spatial dominant, with Perna canaliculus as a subdominant. The bull kelp Durvillaea 
antarctica is present only at the extreme low tide mark. Maximum wave-force data for 
both east and west coasts were comparable indicating that sites with high wave-
exposure were generally dominated by filter-feeding mussels rather than algae in the 
South Island. However, this is not the case in Kaikoura, where many wave-exposed 
shores are dominated by macroalgae.  
 
On Kaikoura rocky shores there are significant differences between the dominant adult 
communities that occupy the assemblages. Sites that have seemingly similar 
environmental conditions (e.g. shore height, wave-exposure) support communities that 
have different dominant species.  Mussels are absent from extensive sections of this 
coastline despite the presence of seemingly appropriate substrata for settlement. Are 
these differences in community composition, between algal and mussel dominated 
habitats, a result of recruitment limitation? Do early mussel settlers make it to algal 
dominated habitats in the same way they do to mussel dominated habitats?  
 
At another New Zealand location, not far from Kaikoura, two main factors have been 
examined to explain the absence of mussels from Cook Strait shores. These were 
recruitment limitation and the low qualities of seston (food) which could cause net 
energy loss (Gardner 2000, Gardner and Thompson 2001, Helson and Gardner 2004). 
Wellington harbour, which is only a few kilometres away from Cook Strait, has large 
populations of mussels, whereas on Cook Strait shores mussels are mostly absent. To 
test recruitment limitation, larval abundance was estimated via larval pumping and 
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possible recruitment was examined by using nylon mesh pads attached in the subtidal 
zone. Larvae were found to be present all year round and higher densities of planktonic 
mussel were found within the harbour in both pump and collector samples. Although 
differences in mussel abundance occurred between harbour and coastal sites, the 
relationship between this and successful settlement is not known. It is for this reason, 
low seston quality as a means to limit mussel settlement in the Cook Strait was also 
examined. Prolonged periods of net energy loss were found for M.galloprovincialis and 
this is consistent with their hypothesis that some form of food limitation prevents 
successful establishment of mussels. 
 
Until recently it was often assumed that organisms with planktonic larval stages had a 
large larval pool offshore and, therefore, populations were not limited by larval 
abundance (Pineda 2000). However Doherty (1981), formalised the recruitment-
limitation hypothesis, asserting that the planktonic supply of larvae, far from being 
endless, may often be the limiting factor that affects population size. Consequently, 
alternate assemblages of species can arise from differences in initial larval supply or 
from perturbations that sway species densities from one equilibrium point to another 
(Petraitis 1999). The degree of larval supply to a location and how this abundance 
relates to the number of mussels that are able to successfully recruit has been 
examined many times with variable results (Doherty 1981, Roughgarden et al. 1988, 
Petraitis 1991, Gaines and Bertness 1992, Molares and Fuentes 1995, Nielson and 
Franz 1995, Caley et al. 1996, Connolly and Roughgarden 1999, Jones et al. 1999, 
Menge 2000, Schmitt and Holbrook 2000, Connolly et al. 2001, Dudgeon and Petraitis 
2001, Lawrie and McQuaid 2001, Helson and Gardner 2004, Broitman et al. 2005).    
 
However, the irregularity and unpredictability of mussel recruitment, and the 
relationship between larval abundance and successful settlement into a habitat has 
been difficult to quantify (Purlfrich 1996, Menge 2000, Schiel 2004). To address these 
issues a variety of artificial spat collectors have been used to assess the abundance of 
mussel recruits. Mussel recruitment is facilitated by filamentous substrates, a variety of 
threads, ropes and fibrous mats, as artificial collectors, as they simulate the filamentous 
nature of some primary algal colonies (Bayne 1964, Paine 1974, Seed and Suchanck 
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1992). Dudgeon and Petraitis (2001) used rectangular pads cut from furnace filters with 
a fibrous matrix mimicking patches of algal turf to monitor mussel recruitment. 
Commercial industries have adopted spat collecting ropes, which are also filamentous 
(Seed and Suchanck 1992). Another artificial device, a pot scrubber called the ‘tuffy’ 
has been compared to the filamentous branching nature of the alga Endocladia 
municata (Paine 1974, Connolly et al. 2001, Menge et al. 2003). It is a standard size, 
and made of spun plastic, so it is easily replaced and allows useful comparisons 
between sites and times. The numbers of mussels settling into tuffies may act as an 
indicator of actual settlement rates into natural areas, tuffies have been used by various 
researchers (Connolly et al. 2001, Menge et al. 2003, Broitman et al. 2005).  
 
In this chapter I test the hypothesis that pre-recruitment processes in the form of 
recruitment limitation are responsible for the absence of mussels in algal dominated 
reefs around Kaikoura. I test this hypothesis through a series of experiments examining 
mussel recruitment with tuffies and plates in algal and mussel dominated habitats, and 
investigate whether differences in recruitment to tuffies corresponds with changes in 
the presence of early settlers in adult mussel beds at mussel dominated sites.  
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2.2 Methods: 
 
To examine recruitment of mussels at each of two mussel sites  and two algal sites 
(Plate 2.1), five replicate Tuffies TM (SOS Tuffy pads [The Clorox Company, Oakland, 
California, USA],) were secured to the low shore with stainless steel 8mm screws 
(Plate 2.1). These were arranged haphazardly on horizontal rocks at the same tidal 
height in the low-shore zone. The tuffies were removed weekly and replaced with clean 
tuffies in the same location. Tuffies were frozen after removal from the shore. To 
remove invertebrates, they were washed with cold water through a 100ųm mesh sieve; 
tuffies were scanned visually to ensure all recruits had been removed. Samples were 
then transferred to small plastic vials and preserved with 75% ethanol. This procedure 
was repeated for 62 consecutive weeks with the first exchange of all tuffies occurring in 
October 2004. Tuffies were in the field for an average of 7 (± 2) days before exchange. 
Once preserved, samples were examined under a dissecting microscope using a 
bokoroff tray and all invertebrates were counted. All mussels were identified to species 
level (c.f. Booth 1977) and using marine group expertise and all organisms extracted 
from the tuffy sample were placed into the following categories: gastropods, bivalves, 
ostracods, amphipods, and isopods and different life history stages of barnacles and 
crabs. 
 
For comparison of sites across habitats, the total number of mussels of all species 
recruiting to tuffies at each site was pooled and averaged each week. Homogeneity of 
variances was analyzed using Cochran’s test, but no transformation was found to 
stabilise the data and remove heteroscedascity. Parametric tests were still used as 
they are considered robust enough to handle violations of the assumptions of 
homoscedascity when using large datasets. Cochran’s tests of homogeneity of 
variances were used to assess stability of variances of percentage cover of sessile 
organisms on carpet plates. Data were arcsine square root transformed to remove 
heterogeneity (Underwood 1997). Nested ANOVA’s (site nested within habitat) of the 
transformed data was used to assess community composition at each site. Sites were 
designated as random because of their haphazard locations, and the intention of using 
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them as replicates within habitats, whereas species and habitats were fixed variables in 
the ANOVA model. 
 
Ten 10 x 10cm core samples were taken monthly for 7 months (August 2005 - 
February 2006) from the two mussel dominated sites to compare the composition and 
size structure of mussel populations. All species of mussel were counted and 
measured to the nearest millimetre. These counts were made in the field, so any 
mussels smaller than 500 ųm were not included. Factorial ANOVAs were used to test 
differences between sites in size and abundances of species. The effects of habitat and 
type of collector (tuffy vs. core) on abundance estimates of recruit size mussels were 
examined for each species with factorial ANOVA. 
 
Recruitment of algae and mussels to carpet plates was examined in a caging 
experiment that excluded grazers and predators. Three 10 x 10cm carpet plates (see 
Rilov and Schiel 2006) were placed into separate cages fastened to the low shore at 
each of the four sites. After one month they were removed and replaced, and the 
number, size and species of mussel recruits were recorded as well as the percentage 
cover of algal species. One-way ANOVAs were used to test if there were significant 
differences between mussel settlement to carpet plates at mussel and algal habitats in 
December, January and February 2006.   
 
Plate 2.1 Ovoid tuffy secured to the rocky-shore using an 8mm stainless steel screw. 
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3.3 RESULTS 
 
3.3.1 Mussel recruitment  
 
There was no significant difference between mussel recruitment into tuffies in algal and 
mussel dominated habitats (Table 3.1). However, there was a significant difference 
between sites nested within habitats (Table 3.1). This lack of difference between 
habitats stems from the variation found within mussel dominated habitats. Raramai had 
seasonal increases in recruitment that did not occur at Blue Duck. Also recruitment at 
Blue Duck was consistently less than that found at Slow Vehicle Bay, indicating that 
mussel recruitment was not limited to habitats already dominated by mussels (Figure 
3.1).  
 
Mytilus galloprovincialis had extremely variable recruitment throughout the study period 
(Figure 3.2). A nested ANOVA of the average number of M. galloprovincialis recruits in 
tuffies through time showed that recruitment varied significantly with time (Table 3.1). 
Small peaks in recruitment occurred around the end of winter (Aug/Sep) with greater 
peaks in December (Figure 3.2). These peaks in recruitment were seen at algal and 
mussel dominated sites. Variation within habitat types was pronounced, with 
recruitment greater at southern algal and mussel sites (Slow Vehicle Bay and 
Raramai). M. galloprovincialis recruitment was low and variable at all sites, but did not 
appear to depend on the presence of established adult mussel beds.   
 
Recruitment of P. canaliculus was consistently low throughout the year apart from small 
peaks in April, September and one large peak in December at Raramai (Figure 3.3). 
Recruitment was not significantly different between habitat types because the small 
peaks in recruitment were concurrent at algal and mussel dominated sites. However, 
there was a significant difference in levels of recruitment of P. canaliculus through time 
(Table 3.2). Within habitat differences were largely due to small peaks in recruitment 
seen at Raramai that did not occur at the other site. P. canaliculus recruitment also did 
not appear to depend on the presence of established mussel beds.  
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Recruitment of Aulacomya ater maoriana followed different seasonal patterns to the 
other species (Figure 3.4). A greater number of A.ater maoriana were found to recruit 
between February and July 2006. A nested ANOVA showed that there were still 
significant differences between sites (habitat) and time (Table 3.2). However, for this 
species the within habitat variation was due to differences between algal rather than 
mussel dominate sites.  Black Miller received a significantly greater number of recruits 
than Slow Vehicle Bay on most occasions. A. ater maoriana recruitment was variable at 
all sites, but did not appear to depend on the presence of established mussel beds.  
 
Xenostrobus had similar recruitment rates to those found in P.canaliculus (Figure 3.5). 
The greatest peak in recruitment occurred in December at Raramai, with small peaks 
occurring at Slow Vehicle Bay in December 2004 and September 2005 (Figure 3.5). 
These seasonal recruitment patterns were reflected in the significant time factor in the 
nested ANOVA (Table 3.2). There was a large amount of variation between sites within 
both habitats and Xenostrobus recruits did not appear preferentially settle into mussel 
dominated habitats. 
 
 
 
 
 
Table 3.1 ANOVA of the average sum of all mussel species recruiting into five tuffies at each 
site. Pooled mussel species: Mytilus galloprovincialis, Perna canaliculus, Xenostrobus pulex, 
and Aulacomya ater maoriana. Weeks and habitats were fixed and site was random.  
 
Source of variance df      SS   MS  F   P 
Weeks   61      7322.26  120.037 5.728   0.000*** 
Habitat   1      433.72  433.716 2.698   0.242 
Site (Habitat)   2      321.49  321.490 7.670   0.000*** 
Error    1175      24624.07   20.957   
Cochran’s test was significant 
(significance: * = 0.05, ** = 0.01, *** = 0.001)
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Table 3.2 Nested analyses of variance (habitat nested within site) of the effect of time in weeks 
(n=61), site (n=4) and habitat nested within site (n=2) on the recruitment of A) Mytilus 
galloprovincialis, B) Perna canaliculus, C) Aulacomya ater maoriana, and D) Xenostrobus 
pulex. Site are treated as random, all other factors are fixed.  
 
A) Mytilus galloprovincialis 
Source of variance df   MS   F   
Time    61           13.486   6.871   
Habitat   1           42.587   4.813 
Site (Habitat)   2   8.849   4.508 
Error    1175   1.963 
 
B) Perna canaliculus 
Source of variance df   MS   F   
Time    61   13.538  5.494   
Habitat   1   15.116  0.629   
Site (Habitat)   2   24.039  9.755  
Error    1175   2.464 
 
C) Aulacomya ater maoriana 
Source of variance df   MS   F   
Time    61   6.979           13.349  
Habitat   1           13.107   3.238   
Site (Habitat)   2   4.048   7.743  
Error    1175   0.523  
 
D) Xenostrobus pulex 
Source of variance df   MS   F   
Time    61             23.105  4.661   
Habitat   1   40.162  0.905  
Site (Habitat)   2   44.377  8.952  
Error    1175   4.957 
Cochran’s tests were significant 
Bold = significant result 
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Figure 3.1 Mean total number of mussel species recruiting into five tuffies over 62 weeks at 
two algal dominated and two mussel dominated sites: Black Miller (A1), Slow Vehicle Bay 
(A2), Blue Duck (M1), and Raramai (M2) mussel species are: Mytilus galloprovincialis, Perna 
canaliculus, Xenostrobus pulex and Aulacomya ater maoriana.   
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Figure 3.2 The average number of Mytilus galloprovincialis recruits (± SE) in five tuffies at 
each of the four sites: Black Miller (A1), Blue Duck (M1), Slow Vehicle Bay (A2), and 
Raramai (M2) for 62 weeks from October 2004 until December 2005. 
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Figure 3.3 The average number of Perna canaliculus recruits (± SE) in five tuffies at each of 
the four sites: Black Miller (A1), Blue Duck (M1), Slow Vehicle Bay (A2), and Raramai (M2) 
for 62 weeks from October 2004 to December 2005. 
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Figure 3.  avera mber of Aulacomya ater maoriana recruits (± SE) in five tuffies at 
each of the four sites: Black Miller (A1), Blue Duck (M1), Slow Vehicle Bay (A2), and 
Raramai (M2) for 62 weeks from October 2004 to December 2005. 
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Figure 3.5 The average number of Xenostrobus pulex recruits (± SE) in five tuffies at each of 
the four sites: Black Miller (A1), Blue Duck (M1), Slow Vehicle Bay (A2), and Raramai (M2) 
for 62 weeks from October 2004 to December 2005.  
2004 2005 
 
All unidentified bivalve larvae/recruits in tuffy samples were pooled. The greatest peak 
in recruitment was found in March at Black Miller, an algal dominated habitat (Figure 
3.6). There was significant variation within sites for bivalve recruitment (F2,1175=5.7880, 
P=0.003) but these unidentified bivalve species did not preferentially settle into habitats 
dominated by mussels. 
 
The presence of small micro-grazing gastropods may facilitate mussel settlement and 
subsequent establishment of adult mussel beds by reducing algal cover that otherwise 
may smother juvenile mussels (Underwood 1981). A nested ANOVA of mean recruited 
gastropods, showed that recruitment between sites was significantly different (F2,62 = 
3.216, P=0.042) . Gastropod recruitment was greatest in March, peaking at the same 
time as unidentified bivalves (Figure 3.7). However, differences between habitats were 
not significant as there was a large amount of variation within algal habitats.  
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Figure 3.6 The average number of unidentified bivalve larvae (± SE) in five tuffies at each of 
the four sites: Black Miller (A1), Blue Duck (M1), Slow Vehicle Bay (A2), and Raramai (M2) 
for 62 weeks from October 2004 until December 2005. 
2004 2005 
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Figure 3.7 The average number of gastropod larvae (± SE) in tuffies at each of the four sites: 
Black Miller (A1), Blue Duck (M1), Slow Vehicle Bay (A2), and Raramai (M2) for 62 weeks 
from October 2004 until the end of December 2006. 
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3.3.2 Mussel bed core samples 
 
The low shore mussel beds at Blue Duck and Raramai were composed of 3 mussel 
species, Perna canaliculus, Mytilus galloprovincialis and Aulacomya ater maoriana. 
The most abundant mussels at Blue Duck were large adult P.canaliculus (40-90mm), 
while Raramai was mainly composed of M.galloprovincialis (31-40mm). These 
differences in mussel bed composition resulted in the significant ‘site’ x ‘size class’ 
interaction for both species (Table 3.3). A.ater maoriana was found at both sites in 
similar numbers. However, there were significant differences in size between sites and 
times, because A.ater maoriana recruits were more abundant at Blue Duck and 
Raramai (Figures 3.8 and 3.9). Early recruit-sized P.canaliculus (<10mm) and 
M.galloprovincialis (<10mm) were found in samples throughout the year and their 
number did not differ greatly between sites (Figure 3.9). This is in contrast to the 
recruitment numbers found with the tuffy sampling.  
 
These core samples are a cumulative sample. Small mussels do not appear to be 
moving through the size classes. All large mussels are P. canaliculus, while most 
middle-sized mussels are M. galloprovincialis at Raramai, but not at Blue Duck. The 
smallest size-class reflects overall order of recruit abundance in tuffies. There seems to 
be considerable post-recruit sorting of abundances among species. 
 
For P.canaliculus and M.galloprovincialis the abundance within size classes was 
significantly different between months, but also varied between sites (Table 3.3) This 
was not true of A.ater maoriana. The significant ‘site’ x ‘size class’ interaction for A.ater 
maoriana was due to an increase in the number of larger sized A.ater maoriana found 
at Raramai. The significant ‘month’ x ‘size class’ interaction term for A.ater maoriana 
was due to the presence of larger size classes in some months, but not others. 
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Table 3.3 Factorial ANOVA for core samples on the effect of site (n=2), month (n=7), and size 
class (n=9) on the mussel composition of A) Perna canaliculus, B) Mytilus galloprovincialis, 
and C) Aulacomya ater maoriana at the mussel dominated habitats; Blue Duck (M1) and 
Raramai (M2). Site and month were treated as random factors. 
 
A) Perna canaliculus 
Source of variance  df  MS   F 
Site (S)    1            100.584   2.394 
Month (M)    6  7.185   1.876  
Size class (SC)   8          55.958   1.285   
S x M     6  2.495   0.928 
S x SC    8          42.202           15.700 
M x SC    4          84.023   1.496 
S x M x SC    4          82.688   2.384 
Error     1134  1.127 
*denotes significant result 
 
B) Mytilus galloprovincialis 
Source of variance  df  MS   F 
Site (S)    1        184.137   2.551 
Month (M)    6  1.888   0.794 
Size class (SC)   8        141.640   1.955   
S x M     6  2.257   0.937 
S x SC    8          72.341           30.039 
M x SC    48  2.527   1.049 
S x M x SC    48  2.408   1.920 
Error     1134  1.254 
*denotes significant result 
 
C) Aulacomya ater maoriana 
Source of variance  df  MS   F 
Site (S)    1          16.687   3.500 
Month (M)    6  0.125   0.015  
Size class (SC)   8        271.455           20.934  
S x M     6  0.210   1.004 
S x SC    8  4.767           22.733 
M x SC    48  8.410           40.108 
S x M x SC    48  0.210   0.379 
Error     1134  0.554 
Bold = significant result 
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Figure 3.8 Average monthly size frequency data for three species (Perna canaliculus, Mytilus 
galloprovincialis and Aulacomya ater maoriana) from ten 10 x 10cm cores from the low shore 
mussel bed at Blue Duck (M1): Aug 2005 – February 2006. 
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Figure 3.9 Average monthly size frequency data for three species (Perna canaliculus, Mytilus 
galloprovincialis and Aulacomya ater maoriana); data from ten 10 x 10cm cores from the low 
shore mussel bed at Raramai (M2): Aug 2005 – February 2006.  
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Tuffies are thought to provide an estimate of the numbers of mussels recruiting into 
natural mussel beds (Figure 3.9). A comparison of recruitment into tuffies and 
recruitment into surrounding mussel beds appears to confirm this. Small peaks in 
recruitment of P.canaliculus were seen in tuffies in December. The following month 
(January) another small increase in mussels was seen in cores (Figure 3.9). Possible 
fluctuations of recruitment into tuffies appeared to be mirrored in subsequent areas in 
natural mussel beds. This pattern was repeated for M.galloprovincialis in December 
(Figure 3.9). There was a small increase in the number of mussels found in monthly 
averages of tuffies and this was reflected in the mussel bed one month later. Significant 
three-way interactions between site, month and collector were found for P.canaliculus 
and M.galloprovincialis but not for A.ater maoriana (Table 3.4). This interaction 
suggests that there is a link between recruitment into tuffies and subsequent successful 
settlement into adult mussel beds.  
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Figure 3.10 Average numbers of recruit-sized mussels in 10 tuffies and cores: A) Perna 
canaliculus (<10mm), B) Mytilus galloprovincialis (<10mm), and C) Aulacomya ater 
maoriana(<10mm), in tuffies and cores at Blue Duck and Raramai from August 2005– 
February 2006.  
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Table 3.4 Factorial ANOVA of the effects of site (S), month (M), and collector (tuffies vs. 
cores) (C) on the number of mussel recruits of: A) Mytilus galloprovincialis, B) Perna 
canaliculus, and C) Aulacomya ater maoriana to tuffies and cores at all sites from December –
February 2006. 
 
A) Mytilus galloprovincialis 
Source of variance  df  MS   F 
Site (S)    1  4.629   0.199 
Month (M)    6  7.331   2.068  
Collector (C)    1        330.057           14.051 
S x M     6  7.7119  0.640 
S x C     1          27.657             2.294 
M x C     6  7.891   0.654 
S x M x C    6          12.057             6.740 
Error     252  1.789 
 
B) Perna canaliculus 
Source of variance  df  MS   F 
Site (S)    1  3.657   0.036 
Month (M)    6          59.073   3.642  
Collector (C)    1          20.629   0.189 
S x M     6          38.549   0.570 
S x C     1        131.657   1.948 
M x C     6          45.254   0.670 
S x M x C    6          67.582   9.405 
Error     252  7.186 
 
C) Aulacomya ater maoriana 
Source of variance  df  MS   F 
Site (S)    1  17.500  1.279 
Month (M)    6    1.670  0.964  
Collector (C)    1        1168.514  87.545 
S x M     6    1.242  2.989 
S x C     1   12.857  30.946 
M x C     6     0.906  2.181 
S x M x C    6     0.415  0.261 
Error     252  1.590 
Bold= significant result
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Experimental carpet plates were placed in cages in the low shore at all sites to examine 
algal and mussel recruitment. Algal species that were not found in community quadrats 
recruited onto plates (Figure 3.0, Figure 2.3 and Figure 2.4). Many of these were small 
branching filamentous algae. Mussels settled onto these plates at all sites in December 
in relatively large numbers compared to those in tuffy samples (Figure 3.2). Mussel 
recruitment on carpet plates was not significantly different between algal and mussel 
habitats in December (F2,22=0.320, P=0.577), January 2006 (F2,22=0.550, P=0.466) or 
February (F2,22=2.809, P=0.108). 
 
An ANOVA comparing habitats and collectors showed that carpet plates collected a 
larger number of recruit mussels than tuffies but this varied between habitats (Table 
3.5). Despite the possible variation between the surface area of a plate and tuffy, a 
greater number of mussels were found on carpet plates in both December and January 
(Figure 3.11, Table 3.5). 
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Figure 3.11 Mean percentage cover of algae in cage experiments at mussel and algal dominated 
habitats in summer 2006. Species are: Ulva spp, Gelidium/ Ceramium complex, Jania 
microarthroida, Chaetomorpha coliformis, Polysiphonia sp, Echinothamnium sp, Plocamium 
microcladiodes, Laurencia thyrsifera, Corallina officinalis, Colpomenia sp.  
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Figure 3.12 Average number of juvenile mussel recruits (± SE) in five tuffies and three plates 
on the low shore at mussel and algal dominated habitats from December to February. 
 
 
 
 
 
 
 
 
Table 3.5 Factorial ANOVA on the differences between collectors (carpet plate vs. tuffy) and 
habitat, on the recruitment of pooled species of mussels in December 2006.  
Source of variance        December    January       February 
       MS               F      MS       F          MS          F 
Habitat      26.042      0.583       9.375        1.008        96.000        4.097 
Collector    876.042    19.609   187.042      20.094      112.667      4.808 
Habitat x Collector       22.042      0.493       2.042         0.219     170.667      7.283 
Error       44.675        9.309               23.433 
Bold= significant result
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3.4 Discussion 
 
 
One hypothesis explaining the absence of mussels from algal dominated intertidal 
shores is that mussel larvae do not arrive in sufficient numbers to establish populations 
(Connolly and Roughgarden 1999). In this study, however, I found no significant 
difference between mussel and algal dominated habitats in the number of recruiting 
mussels. Recruit-sized mussels were found in small numbers throughout the year in 
core samples from mussel dominated habitats. However, recruitment, as measured by 
tuffies and carpet plates, was extremely low in both algal and mussel habitats. The 
intensity of recruitment into an intertidal habitat is thought to be the main determinant of 
the types of species that will dominate an assemblage and resulting strength of the 
post-recruitment processes that affect community composition (Gaines and 
Roughgarden 1985, Gaines and Bertness 1992, Connolly and Roughgarden 1999). 
However, I found two types of assemblages occur where there are equal rates of 
mussel recruitment. Consequently the strength of recruitment intensity in these 
locations is thought to be less important and post-recruitment processes are 
considered more likely to influence the community composition in these locations.  
 
My tuffy study found no significant difference in recruitment into mussel versus algal 
habitats. Adult mussel beds are known to provide a suitable habitat for mussel 
settlement, and experiments with various substrata have indicated that mussel larvae 
have a preference for firm roughened surfaces that have a discontinuous texture (Seed 
and Suchanck 1992). However, the direct settlement of juvenile mussels into adult 
mussel beds has been a controversial topic. Bayne (1964) found evidence of Mytilus 
edulis settling onto filamentous algae, and then migrating to adult mussel beds after a 
period of growth (secondary settlement). Several studies have supported the concept 
of secondary settlement (Paine 1974, Seed and Suchanck 1992, Buchanan and 
Babcock 1997), but others have rejected the idea. For example, the number of mussels 
settling into both filamentous algae and mussel clumps on South African shores was 
not significantly different suggesting an absence of secondary settlement (McQuaid 
and Lindsay 2005). However, Paine (1974) examined the various substrata that Mytilus 
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californianus recruited to in Mukkaw Bay, Washington State. He found that M. 
californianus preferentially settled amongst the filamentous red alga Endocladia 
municata in the mid intertidal and then underwent secondary settlement, migrating 
towards more suitable mussel habitats. However, in low shore quadrat data taken from 
Kaikoura no filamentous branching algae were present except for turfing corallines and 
thus I found no evidence of recruitment into them. However, greater numbers of 
mussels settled onto the dense, damp matrix provided by carpet plates  
 
Regardless of the presence of primary or secondary settlement, small differences were 
found in seasonal recruitment patterns between species. P. canaliculus rarely featured 
in tuffy samples and A. ater maoriana recruitment was greatest during the late winter 
months (July-August). This is consistent with observations made by Kennedy (1977) 
who found that spawning of A. ater maoriana began in August. M. galloprovincialis was 
the most abundant mussel species in all plate and tuffy samples in my study and was 
also the most abundant species at east coast sites in another study of mussel 
recruitment (Menge et al. 1999). M. galloprovincialis’ presence in collectors also 
followed seasonal patterns. These patterns in mussel recruitment are thought to be 
linked with sea temperature because temperature is known to affect mussel 
reproduction (Kennedy 1977).  
 
Sea temperature is a principal environmental factor that can directly affect the 
reproductive output of mussels (Kennedy 1977). Mussels of the genus Mytilus are 
widely distributed in cooler waters in both the northern and southern hemispheres. 
Maturation of gametes generally occurs as seawater temperatures drop over winter 
months and spawning is initiated as seawater temperature increases in spring 
(Kennedy 1977). However, some species of mussels do not rest, and produce gametes 
all year round. This appears to be the case with the mussel populations in Kaikoura. M. 
galloprovincialis showed an increase in recruitment starting in October, just after the 
warmer temperatures of spring began (Figure 3.2). However, recruitment did occur all 
year round in all mussel species. Studies in South Africa, looking at the effects of 
temperature and exposure in determining community composition, have suggested that 
temperature induces a framework of species composition on different beaches. 
 
Chapter 3: Pre-recruitment processes       43 
However, exposure influences the biomass of many of the species which dominate 
these shores (McQuaid and Branch 1984). Sea temperature data collected from 
Kaikoura during the study period suggest that it was not an unusual year for water 
temperatures (Figure 2.2). There were no fluctuations in sea temperature near the 
Kaikoura Peninsula and therefore, no evidence of any upwelling episodes (Figure 2.2).  
 
A large number of other bivalve species were present in tuffy samples; while these 
bivalves were unidentified their presence shows that a significant larval pool may exist 
in nearshore waters. The supply of propagules is thought to have significant effects on 
populations and community structure and the intensity of recruitment can be the driving 
force behind post-recruitment processes (Menge et al. 1999, Connolly et al. 2001, 
Shanks and Brink 2005). In California and Oregon, upwelling currents are thought to 
cause offshore flow, and the movement of propagules away from suitable settlement 
sites, thereby reducing the concentrations of larvae to benthic communities and 
settlement is thought to only occur during upwelling relaxation (Connolly et al. 2001). 
Kaikoura is geographically unique as along-shore advection and upwelling episodes 
combine to limit the cooling effects normally found with upwelling events (Chiswell and 
Schiel 2001). One possible consequence of reduced upwelling episodes may be a lack 
of onshore transport upon which mussel larvae rely upon to return to shore. There are 
several factors that determine the distribution of propagules following dispersal. These 
include the density and distribution of reproductive adults, the timing and magnitude of 
their reproductive output and the probability distribution of juvenile transport distances 
after release from an adult (Gaines and Bertness 1993). Rilov and Schiel (2006) 
showed that the numbers of settling mussels on the east coast can be orders of 
magnitude greater than tuffy samples taken from Kaikoura have shown. They 
suggested that sites without subtidal reefs which had less predation pressure had a 
greater settlement rate of mussels. As all sites used in this study had extensive subtidal 
reefs, recruitment limitation in Kaikoura is likely to be a combination of limited upwelling 
episodes on the east coast and the negative feedback mechanisms associated with 
few source populations. Only small adult populations are found along the Kaikoura 
coast, resulting in a meagre output of larvae and, therefore, low concentrations of 
recruits that are successfully returning to the shore. However, mussels on the east 
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coast have found ways to successfully establish themselves on some rocky shores 
despite these major oceanographic hurdles. 
 
 Several localised factors are known to interfere with the ideal conditions for growth and 
reproduction in mussel species including wave exposure (Steffani and Branch 2003), 
temperature (Kennedy 1977), food availability (Dahlhoff and Menge 1996), parasites 
(Calvo-Ugarteburu and McQuaid 1998)  and epiphytes (Dittman and Robles 1991). 
Epiphytes interfere with internal temperature regulation and evaporative cooling. They 
may also reduce food availability by screening out food particles. Suchanek (1981) 
demonstrated that herbivores associated with the mussel bed (i.e. limpets, chitons and 
grapsid crabs) keep the mussels free of facultative epiphytes or clear free living algae 
from rock surfaces.  However, algal species have also been shown to enhance mussel 
settlement by providing suitable substrata. I found the recruitment of algae and mussels 
was enhanced on carpet plates when compared to the surrounding substrata. 
Interestingly the species of algae on plates were not generally found in low shore algal 
assemblages. A greater abundance of finer branching red algal species (Gelidium/ 
Ceramium complex, Jania microarthroida, Chaetomorpha coliformis, Polysiphonia sp, 
Echinothamnium sp, Plocamium microcladiodes, Laurencia thyrsifera, Corallina 
officinalis, Colpomenia sp) and leafy Ulva were present (Figure 3.11) and a 
comparatively large number of mussels recruited to the algal covered carpet plates 
(Figure 3.12). Mussels have been shown to preferentially settle into filamentous 
substrata and combined with the ameliorative effects of shading; the algal canopy on 
these plates may have provided a more suitable habitat and facilitated mussel 
recruitment. 
 
Algal canopies are generally thought to have negative effects on algal recruitment. In 
the Gulf of Maine Modiolus mussels overgrown by upright algae are often dislodged 
because the algae increase the hydrodynamic drag forces on the mussel (Witman 
1987). In my study the algal canopies at all sites were dominated by the bull kelp D. 
antarctica. Raramai also had an average cover of 25% of C. maschalocarpum. 
Generally, the relative abundances of common species on various shores may be used 
as a biological scale for wave exposure.  D. antarctica is the largest fucalean species 
 
Chapter 3: Pre-recruitment processes       45 
and the whiplash effects from its fronds, which can reach lengths of 10m, can hinder 
other algae from residing in the same habitat (Taylor and Schiel 2005). D. antarctica 
was also present amongst the low shore mussel species and juvenile D. antarctica 
recruited to the bare rock around the mussel beds as well as onto the shells of adult 
mussels.  Paine (1971) also suggested that it was possible in areas of heavy surf 
action, that the thick algal blades abrade loosely attached organisms like P. 
canaliculus, or inhibit larval recruitment or settlement. However, this does not seem to 
be the case at Blue Duck, where D. antarctica is interspersed amongst the low shore 
mussel bed. The cover of turfing corallines was consistently high at algal and mussel 
sites in Kaikoura. Turfing species can have positive and negative effects on mussel 
growth and survival because they screen food, limit light and increase temperature, but 
also provide a filamentous substrate suitable for mussel settlement (Dittman and 
Robles 1991). However, I found no evidence of mussels recruiting into coralline turfs at 
any site.  
 
Rates of recruitment are thought to be the main determinant of the adult densities and 
post-recruitment processes on rocky intertidal shores (Connolly and Roughgarden 
1999). However, in my study the recruitment of mussels to algal and mussel dominated 
habitats was not significantly different and was consistently low year round.  The 
recruitment of mussels to carpet plates was higher than that found in tuffies. The 
ameliorative affects of algae and reduced levels of grazing appeared to enhance the 
suitability of the plates facilitating mussel recruitment. However, mussel numbers on 
plates were similar at mussel and algal dominated habitats suggesting that recruitment 
rates may not be the main determinants of adult densities on the rocky intertidal shores 
of Kaikoura.  
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Introduction  
 
Mussels are primary space occupiers that can outcompete other sessile invertebrates 
(Seed and Suchanck 1992) and algae (Paine 1966, Dayton 1971, Paine 1971, Menge 
1976). However, reasons for their absence from many shores that provide seemingly 
suitable physical and environmental conditions remain unknown. Several processes 
may explain their distribution including recruitment intensity (Connolly and 
Roughgarden 1999, Forde and Raimondi 2004), competition (Keough 1984) and 
predation (Menge 1976). Kitching et al. (1959) hypothesised that the discontinuous 
distribution of Mytilus in the Lough Ine area was due to predation and Paine (1974) 
suggested the lower limits of Mytilus beds in New Zealand were the result of Stichaster 
predation. In another study the occurrence of macroalgae, barnacles and mussels in 
New England depended on the ability of the dogwhelk Nucella lapillus to control 
mussels (Menge 1976, 1978a). In this chapter I test the effects of predation on recruit 
sized mussels around Kaikoura.  
 
The role of predation in structuring rocky shore communities has been studied 
extensively worldwide, specifically the roles of predators on dominant taxa such as 
mussels. However, Schiel (2004) explained the need for a greater emphasis to be 
placed on earlier life stages of mussels in predation experiments. Many researchers 
have used mussels in predation experiments that have already reached post-
settlement sizes (Petraitis 1998, Menge et al. 1999, Menge et al. 2003, Garza 2005). 
He suggested that making presumptions about predation intensity on mussels that 
have seemingly already reached a size where they are no longer susceptible to 
predation by most predators, would not allow a sufficient understanding of top-down 
interactions in this system. The amount of time between settlement and recruitment to 
natural mussel beds is often significant and the effects predators have on these stages 
of mussels may give insight into the actual interaction strength associated with different 
oceanographic regimes and the importance of top-down interactions. For example, 
Rilov and Schiel (2006) found that predation by crabs and fish was so intense o 
mussels <1cm long, that large recruits were rarely seen at some sites.  
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To achieve an understanding of the how predation affects the earlier life stages of 
mussels and, therefore, how top-down systems interact with community structure, 
Schiel (Schiel 2004) suggested using reciprocal transplant experiments to clarify the 
roles and capabilities of these dominant taxa. Sites around Kaikoura Peninsula provide 
an excellent testing ground for these types of hypotheses, as areas with seemingly 
similar physical conditions are dominated by two types of habitat assemblages in the 
low-shore zones: by either algae or mussels. One hypothesis is that algal habitats are 
thought to occur where predation intensity on mussels is too great for populations to 
become established. 
 
In conjunction with predation experiments, the examination of mussel growth in algal 
and mussel habitats will allow a greater insight into other mechanisms that may affect 
mussel distribution. If the two main influences on community patterns, recruitment and 
predation, are removed growth rate patterns may give an indication of other important 
aspects that promote the survival, growth and eventual dominance of mussels in a 
habitat (Petraitis 1995, Alunno-Bruscia et al. 2000, Gardner 2000, Steffani and Branch 
2003).  
 
This chapter examines the survival of mussels transplanted into algal and mussel 
dominated habitats and tests the effects of predation in the low- and mid-shore. Rates 
of mussel removal from plates should give an indication of the types of predators that 
are causing the greatest impact on mussel distribution and if there are differences in 
predation rates between the two habitats. Mussel growth rates will highlight other 
factors that may be fundamental to the distribution of mussels on shores around 
Kaikoura.  
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4.2 Methods 
 
 
To determine the effects of predators on survivorship of juvenile mussels at algal and 
mussel dominated sites, I did three experiments with predator exclusion cages. On the 
7th of February 2005 I transplanted plates that have been settled with on average of 47 
juvenile Xenostrobus pulex (S.D. = 14.91, N= 60 plates). Mussels were taken from 
Cave Rock on Banks Peninsula where the largest concentrations of small (<10mm) 
mussels occurred. Mussels were placed onto 10 x 10 cm² carpet plates (plastic plates 
with nylon loop pile carpet glued (Gorilla glue) to one side) and a central hole drilled. 
Plates were then covered with nylon shade cloth (green wind stop ultra, permathene) 
and were transported to the Kaikoura sites and secured with 8mm stainless steel 
screws to the low intertidal for 4 weeks to allow time for byssal threads to attach firmly 
and to prevent predation while mussels were attaching.  
 
At each site, five replicates of each of three treatments, open plots (plate with no cage), 
control cages (mesh top and two sides covered) and full cages (mesh on all sides and 
top), were established on the low shore resulting in a total of 15 plots at each of the 
four sites. Benthic species were cleared to allow the cages to be attached firmly. Large 
algal fronds in the vicinity of the treatments were also removed to prevent tangling and 
whiplash. The cages were made of 6-mm steel rods welded together to form a 20 x 20 
x 20 cm cube. Cages were covered in rigid plastic mesh with holes 16 x 16mm that was 
secured to the cages with cable ties. This mesh and cage design excluded all intertidal 
predators larger than 16mm. Once the juvenile mussels had attached firmly to the 
carpet plates the shade cloth was removed and the plates were placed randomly into 
treatments. Once the plates were placed in their correct treatments the total number of 
mussels on the plate was counted and recorded. Each plate was numbered allowing 
the number of mussels surviving on each plate through time to be measured. To 
eliminate effects of different start times, experiments were started and counts of mussel 
were done at all sites on the same day. Because of rapid predation, plates were 
counted every day for the first 5 days and then at increasing intervals for the length of 
the experiment. 
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In August 2005 the original predator exclusion experiment was repeated with 
Xenostrobus pulex.  All conditions remained the same except a larger number of 
mussels were used on each plate (Mean = 56 S.D. = 8.65, N= 60 plates). Growth was 
also examined in this experiment and was measured by taking 25 replicate lengths 
(distance from anterior to posterior edge in mm) with callipers, of random mussels on 
caged plates at each site. Counts and measurements were performed for a period of 
210 days (7.5 months) to examine differences in growth rates at different sites.  
 
Xenostrobus pulex is generally found in the mid to high shore at the two mussel sites 
used in this series of experiments. Therefore, to test rates of predation at a higher 
shore level, cages were attached in the mid- tidal zone at all sites. Experimental plates 
and cages were made in the same manner as before and the same predator exclusion 
experiment was repeated in the Mid-shore in December 2005. 
  
Stichaster australis were counted during 5 replicate low tide periods at each site by 
visually surveying around the edge of the site to establish if the abundance of this 
predator was correlated with the presence of mussel beds. 
 
Standard analyses of survivorship data over time usually involve the use of repeated 
measures ANOVA. However, the main assumption of repeated measures is that data 
are normally distributed over time. Survivorship data in my study were not normally 
distributed and were often right skewed. Consequently nested ANOVA’s were done on 
arcsine-square-root percentage survival data for each day. In the ANOVA models the 
differences between habitats (algal, mussel), sites (nested within habitat; A1, M1, A2, 
M2) and treatments (no cage, full cage, control), with regards to survivorship, were 
calculated for each day a count was performed. Cochran’s tests were used to test 
homogeneity of variances. Tukey’s tests were used as a post-hoc analysis to determine 
differences between treatments.  
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Plate 4.1 Carpet plates covered with plastic shade cloth to allow mussel byssal  
     attachment. 
 
 
Plate 4.2 Stichaster australis- predatory sea-star near a full cage designed  
     to reduce intertidal predation on transplanted mussels.  
Chapter 4: Post-recruitment processes   52 
4.3 Results  
 
No significant difference in survival of mussels was found between habitats in the first 
transplant experiment (Table 4.1). The first predation experiment started in March 2005 
and continued for 31 days. However, mussel survival differed significantly between 
treatments at all times (Table 4.1). Significant treatment effects at all times were due to 
greater percentage survival on caged plates compared with open and control plates 
(Table 4.1; Tukey HSD, P< 0.05). However, on day 31 treatment effects were caused 
by significant differences between remaining mussels in cages (Figure 4.1; Tukey HSD 
P<0.05) Mussels exposed to predators (no cage) were quickly removed from plates at 
all sites (Figure 4.1). Ten days after the experiment started, less than 20% of the 
original mussels remained on open plates (Figure 4.1). By day 31, all mussels on open 
plates had been removed except at Blue Duck where only 3% of the original mussels 
remained (Figure 4.1). On days 1 and 3 the mean numbers of mussels surviving at 
Blue Duck was greater than those found at all other sites (Figure 4.1; Tukey HSD, P< 
0.05).  
 
 
Table 4.1 Nested ANOVA (significance: * = 0.05, ** = 0.01, *** = 0.001) of the differences 
between habitats (algal, mussel), sites (nested within habitats: Black Miller (A1), Blue Duck 
(M1), Slow Vehicle Bay (A2), Raramai (M2)), treatments (no cage, full cage, control) and 
interaction terms on the arcsine-square-root percentage survival numbers for the first low-shore 
mussel predation experiment for days 1, 9, and 31.   
Source of variation      day 1         day 9       day 31 
      df    MS       F                MS          F      MS            F 
Treatment (T)    2   1583.4    2.265 3268.9     8.203*     3221.0       13.147** 
Habitat (H)     1   1244.3    0.654   617.9     1.835      1193.6         4.565 
Site(Habitat) (S(H))    2   1902.7      2.723   366.8     0.845        261.2         1.066 
T x H       2     169.2      0.242   124.9     0.313          84.9         0.347 
T x (S(H))                   4    698.8     4.550**         398.6     4.439**     245.0         2.957* 
Error                         48    153.6                              89.8                       82.9 
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Figure 4.1 Xenostrobus first low-shore predation experiment. Percentage survival (mean ±SE) 
of small mussels (≤ 1cm) exposed to all predators (no cage), exposed to no predators (full cage) 
and a cage control (control) at sites dominated by algae (Black Miller, Slow Vehicle Bay) and 
sites dominated by mussels (Blue Duck, Raramai) in march 2005.  
 
 
The low-shore predation experiment was repeated in August 2005 and ran for 210 
days, finishing in March 2006. All conditions were similar except a slightly greater 
number of mussels on plates were used. Again, mussel survival in algal and mussel 
dominated habitats was not significantly different until all mussels were removed from 
algal dominated habitats after 118 days (Table 4.3). Significant differences in survival 
between treatments were found soon after experiments began (Table 4.2). On days 
where significant differences were found between treatments, they were found to a 
result of mean survival on caged plates being significantly greater than that on open 
and control plates (Figure 4.2; Tukey HSD, P< 0.05). No significant differences were 
found between sites on days 1, 10, 56 and 118 (Tables 4.2 and 4.3). However, site x 
treatment differences on day 10 were a result of variation between the two mussel 
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dominated habitats with greater survival being seen in control treatments at Blue Duck 
(Figure 4.2; Tukey HSD, P< 0.05).  This variation between sites and treatments was not 
seen on day 118 because all mussels had been removed from control treatments 
(Table 4.3). 
 
 
 
Table 4.2 Nested ANOVA (significance: * = 0.05, ** = 0.01, *** = 0.001) of the differences 
between habitats (algal, mussel), sites (nested within habitats: Black Miller (A1), Blue Duck 
(M1), Slow Vehicle Bay (A2), Raramai (M2)), treatments (no cage, full cage, control) and 
interaction terms on the arcsine-square-root percentage survival numbers for the second low-
shore mussel predation experiment for days 1 and 10 
Source of variation       day 1     day 10 
      df     MS        F                MS           F     
Treatment (T)    2     10400.0       15.180**        19637.5          20.942**      
Habitat (H)     1           4.6 0.002    596.0  0.678        
Site(Habitat) (S(H))    2     2022.4 2.952   879.0  0.937 
T x H       2         906.4 1.323   299.1  0.319 
T x (S(H))                   4        685.0 1.738      937.7  3.951** 
Error                         48        394.1    237.3 
 
 
Table 4.3 Nested ANOVA (significance: * = 0.05, ** = 0.01, *** = 0.001) of the differences 
between habitats (algal, mussel), sites (nested within habitats: Black Miller (A1), Blue Duck 
(M1), Slow Vehicle Bay (A2), Raramai (M2)), treatments (no cage, full cage, control) and 
interaction terms on the arcsine-square-root percentage survival numbers for the second low-
shore mussel predation experiment for days 56 and 118.   
Source of variation       day 56    day 118 
      df     MS        F                MS           F     
Treatment (T)    2 8237.8 29.808**          6735.0           23.996** 
Habitat (H)     1          2.3      2.276  494.7   2.099 
Site(Habitat) (S(H))    2      296.1             1.072  235.7   0.840 
T x H       2          98.7    0.357  124.2   0.443 
T x (S(H))                   4       276.4    1.837  280.7   2.153 
Error                         48       150.4    130.4 
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Figure 4.2 Xenostrobus second low-shore predation experiment. Percentage survival (mean 
±SE) of small mussels (≤ 1cm) exposed to all predators (no cage), exposed to no predators (full 
cage) and a cage control (control) at sites dominated by algae (Black Miller, Slow Vehicle Bay) 
and sites dominated by mussels (Blue Duck, Raramai) in August 2005- March 2006.  
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A predation experiment in the mid-shore began in December 2005 and continued for 76 
days (February 2006). No significant difference was found between habitats on day 1, 
9, and 76 (Table 4.4; Tukey HSD, P<0.05). In this experiment there were significant 
differences between treatments (no cage, full cage, control) soon after the beginning of 
the experiment (Table 4.4). A comparison of means between treatments showed that 
significant differences between treatments were due to greater survival on caged plates 
compared with open and control plates (Figure 4.4; Tukey HSD, P< 0.05). Significant 
differences were found between site x treatment interactions on day 9 and 76 (Table 
4.4). This variation was a result of differences found between algal dominated habitats 
(Tukey HSD, P<0.05). Mussel survival in cages at Slow Vehicle Bay was considerably 
less than all other sites (Figure 4.3).  
 
 
 
 
Table 4.4 Nested ANOVA (significance: * = 0.05, ** = 0.01, *** = 0.001) of the differences 
between habitats (algal, mussel), sites (nested within habitats: Black Miller (A1), Blue Duck 
(M1), Slow Vehicle Bay (A2), Raramai (M2)), treatments (no cage, full cage, control) and 
interaction terms on the arcsine-square-root percentage survival numbers for the mid-shore 
mussel predation experiment for days 1, 9, and 76.   
Source of variation      day 1         day 9       day 76 
      df    MS       F                MS          F      MS            F 
Treatment (T)    2     739.2     2.026        6768.6       18.372** 15284.8     22.898** 
Habitat (H)     1     889.4     2.170        2097.0         9.597   281.9       0.476 
Site(Habitat) (S(H))    2     409.9    1.123 218.5        0.593        591.9      0.887 
T x H       2     407.2    1.118 178.1        0.483   462.6       0.693 
T x (S(H))                   4      368.4    1.363 368.4        4.169**   667.5     19.308*** 
Error                         48     207.6     88.4     34.6 
 
 
 
 
 
 
 
Chapter 4: Post-recruitment processes   57 
 
  Algal habitats    Mussel habitats 
 
Black Miller
0
20
40
60
80
100
0 20 40 60 80
 
Blue Duck
0 20 40 60 80
    
  
Slow vehicle bay
0
20
40
60
80
100
M
us
se
l s
ur
vi
va
l (
%
) (
± 
S
E
) 
0 20 40 60 80
  
Raramai
0 20 40 60 8
No cage
Full cage
Control
0
     
Number of days 
 
 
Figure 4.3 Xenostrobus mid-shore predation experiment. Percentage survival (mean ±SE) of 
small mussels (≤ 1cm) exposed to all predators (no cage), exposed to no predators (full cage) 
and a cage control (control) at sites dominated by algae (Black Miller, Slow Vehicle Bay) and 
sites dominated by mussels (Blue Duck, Raramai) in December-February 2006.  
 
 
There was a significant difference between habitats in the growth of Xenostrobus in the 
low-shore cages from August 2005 to March 2005 (Table 4.5). Mussel growth was 
greatest at Blue Duck and this was followed closely by Raramai (Figure 4.4). No 
mussels survived at the two algal sites beyond December 2005, so growth 
measurements could not be made.  
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Figure 4.4 Average Xenostrobus growth, measured as increase in shell length (mm), across the 
four sites through time. 
 
 
 
 
 
Table 4.5 Nested ANOVA on the shell length of Xenostrobus mussels in December between 
habitats (algal, mussel) and sites (nested within habitats: Black Miller (A1), Blue Duck (M1), 
Slow Vehicle Bay (A2), Raramai (M2)).  
Source of variance  df  MS  F  P 
Habitat    1  3.353  40.03  0.024* 
Site (Habitat)    2  0.084  0.12  0.883 
Error     96  0.674   
 
 
 
Between September and January, the time when experiments were running, Stichaster 
australis were most abundant at Black Miller and Raramai (Figure 3.5). However, their 
overall abundance was low and they were observed consuming mussels only at 
Raramai.  
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Figure 4.5 The average number of the sea-star Stichaster australis found at each site over four 
months from September to January 2006. 
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4.4 Discussion 
 
 
Although mussel predation was rapid there was no significant difference overall 
between mussel survival at algal and mussel habitats. Predation was swift and effective 
at all sites, but did not appear to be the driver behind the different habitat assemblages 
in Kaikoura. However, there was a significant difference between the growth of 
transplanted Xenostrobus pulex in low shore cages at mussel and algal dominated 
habitats. Mussel growth was greatest at mussel dominated habitats, but after 6 months 
mussels from both algal habitats died.  
 
Experiments testing the rate of mussel removal from algal habitats have not been used 
as a means of testing the mechanisms for the establishment of mussel dominated 
habitats (Schiel 2004). However, rates of mussel removal from mussel dominated 
habitats from sheltered to highly exposed shores have been tested extensively (Menge 
1976, Menge 1978, Menge 1983, Menge and Sutherland 1987, Petraitis 1987, Barkai 
and Branch 1988, Petraitis 1990, 1991, Petraitis 1998, Connolly and Roughgarden 
1999, Patrick 2001, Petraitis et al. 2003, Rilov and Schiel 2006). 
 
Whelks and birds were suggested by Menge et al. (1999) to have the strongest impacts 
on mussels on east coast rocky-shore. However, whelk predation on mussels in 
southern New Zealand has been shown to be slow and inefficient and they are unlikely 
to have been important in my study because no drill holes were found in mussel shells 
and no whelks were observed in cages (Patrick 2001). Furthermore whelks are not as 
abundant around Kaikoura during low tide as on the shores of Maine and Nova Scotia 
where they are known to have strong effects on community composition (Menge 1976, 
Hunt and Schiebling 1998, Petraitis 1998, Patrick 2001).  
 
The importance of bird predation has also been considered to be minor because of 
their seasonal presence and low abundances (Marsh 1986). In my study there was 
greater survival of mussels in the mid-shore compared to the low shore, suggesting 
that bird predation at these sites may not be influential. Large colonies of gulls are 
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present in Kaikoura and work done by Patrick (2001) showed that their predation on 
mussels, combined with oyster catchers (Haemotopus ostralegus finschi and H. 
unicolor), was not correlated with wave-exposure gradients, but greater predation from 
these sea birds was found above mid-shore levels (Patrick 2001). His work showed 
that oyster catchers were the most common bird predators and had significant effects 
on mussel survival, especially in the high-shore (Patrick 2001). While birds not seem to 
be as important predators in my low- and mid-shore experiments their effects on 
mussel populations require further study.  
 
Mobile marine predators may be more important in determining intertidal community 
structure than once thought. Rilov and Schiel (2006) found that mobile predators such 
as fish and crabs, abundant on areas with subtidal reefs, prey extensively on intertidal 
mussel beds. Multiple gut contents of one species of labrid fish (Notolabrus fucicola) 
from the Kaikoura Peninsula showed that the greatest component of their diet was 
made up of mussels (Denny and Schiel 2001). Fish predation is likely to be the main 
cause of such swift mussel removal from transplanted plates. Other predators such as 
sea-stars are significant predators on West Coast and North Island shores, but their 
impact on east coast shores seems negligible because their abundance is limited 
(Paine 1971, Paine et al. 1985, Menge et al. 1999, Rilov and Schiel 2006). No pattern 
was found between the abundance of sea-stars (Stichaster australis) and the presence 
of mussel communities on east coast Kaikoura shores but their role in controlling 
mussels in these habitats requires more specific study. 
 
Mussels used in my transplant experiments were less than 10mm in length. It has been 
suggested that a greater emphasis in predation experiments needs to be placed on 
early life stages (Schiel 2004) as mussels of a greater length would have shells that are 
more resistant to predation. Work done by Menge et al. (1999) used transplanted 
mussels that were relatively large (30-50mm) and found that predation intensity was 
low on the east coast. Sea-stars were mostly absent and crabs and whelks were 
considered to be ineffective predators in these areas. However, the ability to ascertain 
the actual top-down strength of these predators requires experiments with earlier life 
stages of mussels because larger ones may have already attained a size refuge from 
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predation by many smaller predators (Schiel 2004). The idea of a ‘size refuge’ was also 
examined by Paine (1974) who looked at the predator-prey body size relationship 
between Mytilus and Pisaster in Washington. He found an upper limit to the Mytilus 
size that a particular size sea-star could consume and that the upper limit was larger as 
the body size of the predator increased. My transplant experiments give an indication of 
the strength of top-down interactions between predators and prey because the mussels 
used were at a size where they were more susceptible to predation. 
 
The locations in this study were selected for their seemingly similar physical aspects. 
All sites used in these experiments had extensive subtidal reefs, which have been 
various types of mobile fish and crabs that prey on intertidal mussels (Rilov and Schiel 
2006). However, one site, Slow Vehicle Bay, seemed to be susceptible to faster rates 
of predation when compared to mussel survival times at other sites. This site, although 
chosen because of its physical similarities (i.e. shore height, aspect, wave-exposure) 
does appear to have more heterogeneous rock. Consequently, it had a greater number 
of intertidal rock pools and subtidal reefs. This may have had a significant bearing fish 
predation and may have increased the rate of mussel removal from this site.   
 
Rates of predation at all sites, independent of habitat type, were fast and most likely the 
result of mobile predators such as fish and crabs. Generally, the maintenance of spatial 
dominance in a community is thought to be a balance between the rates of recruitment 
and mortality due to factors such as predation and competition (Petraitis 1995). 
However, sessile organisms can dominate space on rocky surfaces as many juveniles 
or a few large adults. Petraitis (1995) suggested that the co-variation of body size and 
density of a mussel bed implies that growth rate plays an important role in determining 
the persistence of spatial dominance by a single species. In my study I found that 
mussel growth rates were significantly different between habitats. Mussels transplanted 
into mussel habitats grew faster than the mussels that were transplanted into algal 
habitats, and after 6 months of growth in algal habitats all mussels died suddenly. Many 
factors are known to affect growth of mussels. Among the environmental conditions 
that are key determinants of population structure in mussels, temperature and aerial 
exposure are suggested to be the most important (Steffani and Branch 2003). 
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However, in my study, mussels that were transplanted into algal and mussel habitats 
were placed at similar shore heights with similar temperature regimes suggesting that 
other factors like food availability or food quality may influence the growth of mussels in 
these habitats. 
 
The quality and quantity of food in nearshore waters are known to affect mussel 
growth. Gardner (2000) investigated the importance of seston (particulate matter) 
quality during late-summer conditions and subsequent effects on growth of three 
mussel species. He hypothesised that low concentrations of food would cause mussels 
to lose energy faster than they could gain it. As a result, mussels would be absent from 
areas with low seston quality (Island Bay) and present in locations with high food 
quality (Mahanga Bay). He found that pseudo-faecal enrichment of the water column at 
the mussel dominated site led to greater seston quality that was not found in the bay 
without mussels. The scope for growth of mussels (Hatton et al. 2005) during summer 
was, therefore, negative in the bay that had low seston quality and positive in the 
enriched waters, although this pattern did not occur year round. During winter, 
Aulacomya ater maoriana and Perna canaliculus had a positive scope for growth in the 
bay with no mussels. Mussels used in my growth experiments showed significantly 
different responses in habitats with and without mussels and death occurred in late 
summer for all mussels in algal dominated habitats. Increases in growth rates may 
allow mussels to reach a size refuge from predation faster and may tip the balance in 
determining the establishment of mussel populations at these sites.  Local sources of 
water enrichment may be more important in determining mussel distribution than 
originally thought and more work is needed to understand how seston quality may 
affect mussel distribution on these shores.  
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4.5 Conclusion 
 
No significant difference was found between mussel survival on transplanted plates at 
mussel and algal dominated habitats. Predation was immediate and most likely the 
result of mobile predators such as fish and crabs. However, no differences in removal 
times were found between algal and mussel dominated habitats suggesting that 
predation intensity is not the main determinant of algae versus mussel habitats around 
Kaikoura. Mean growth of X. pulex at mussel dominated habitats was greater than at 
algal dominated habitats and all transplanted X.pulex died suddenly at algal habitats. A 
fine balance between mussel removal rates and the factors that permit growth, facilitate 
the persistence of mussel beds in these areas.   
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5.1 General Discussion 
 
 
The interactions of physical and biological processes are known to generate spatial and 
temporal patterns in natural assemblages of species and understanding the 
relationship between these physical and biological processes and the scales at which 
these interactions take place is important to ecology (Menge & Sutherland 1987, 
Benedetti-Cecchi et al. 2000). Caley (1996) asked the question, “to what extent does 
the abundance in natural populations depend on recruitment, that process which 
establishes initial patterns, in comparison to factors such as competition, predation, 
facilitation or disturbance, the processes which modify these patterns?”.  
 
Two main hypotheses have been suggested to explain the processes that tip the 
balance between the domination of filter-feeders and algae across shores. The first 
involves the intensity of recruitment and how this intensity translates into the amount of 
free space and abundance of adult invertebrates in a community. The second 
hypothesis is derived from observations of predators determining prey distribution in 
both small scale zonation patterns (Witman 1987) as well as larger scale removal from 
areas (Paine 1971). Predators and herbivores not only limit their preferred prey 
(mussels) but also allow the competitors of the preferred prey (algae) to persist 
(Petraitis 1995).This study developed as a result of the observations of interspersed 
dominance of mussels on rocky-shore platforms at sites near Kaikoura on the East 
Coast of the South Island. I examined the idea that the absence of mussels may be a 
consequence of recruitment limitation but if mussels arrived at algal dominated sites, 
their ability to survive and grow.   
 
The processes responsible for variation in recruitment of filter-feeding invertebrates like 
mussels and barnacles have been the focus of many experimental studies (Barkai & 
Branch 1988, Roughgarden et al. 1994, Anderson & Underwood 1997, Connolly & 
Roughgarden 1999, Pineda 2000, Bradbury & Snelgrove 2001, Connolly et al. 2001, 
Alfaro & Jeffs 2003, Gilg & Hilbish 2003, Kinlan & Gaines 2003, McCulloch & Shanks 
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2003, Menge et al. 2003, Guizien et al. 2006). In New Zealand, the Southland current 
moves north-easterly along the east cost of the South Island guided by the subantarctic 
convergence (Menge et al. 1999). The northward movement of this current together 
with onshore movement via Ekman transport have been provided as evidence that the 
prevailing conditions for the east coast of the South Island support downwelling (Menge 
et al. 1999). The absence of a thermal gradient in satellite imagery of the east coast 
reinforces this concept of downwelling (Vincent & Howard-Williams 1991). In  Kaikoura, 
Chiswell and Schiel (2001) showed that the sharp temperature drops associated with 
upwelling were found only in summer and correlated with along-shore advection at 5m 
depths, but at 1m depths temperature was not in phase with wind. Menge (1999) 
suggested that east coast conditions would eventually drive larvae to deeper depths 
offshore and limit phytoplankton concentrations needed for mussel growth. Bivalve 
larvae have a preferred temperature range, but their movement in the water column 
has always been assumed to be passive following water movement via thermal 
gradients and upwelling and downwelling events (Scheltema 1986).  More recently, 
Genin (2005) found that zooplankters were able to control their vertical distribution in 
the water column by swimming against upwelling and downwelling currents, but were 
carried passively with horizontal flow. However, Shanks (2005) has looked at the 
species-specific nature of upwelling/ downwelling effects on larval settlement and 
suggests that if mussels are actively able to control their vertical distribution then 
mussel larvae could return to shore regardless of the upwelling/ downwelling nature of 
the nearshore water mass.  
 
Life histories of species and their relationships with processes such as upwelling and 
downwelling, oceanic conditions, larval arrival and settlement processes have also 
been a major focus of ecologists investigating how invertebrate communities are 
maintained (Schiel 2004). Dispersal during a 2-3 week planktonic phase in duration can 
transport mussel larvae several hundred kilometres (Pineda 2000). Consequently 
recruitment to a section of a shore is likely to be from larvae that originated elsewhere. 
Gaines and Roughgarden (Gaines & Roughgarden 1985) noted that larval settlement 
rate is of utmost importance in population dynamics as the generalisations about the 
role of competition in causing patterns of zonation and the ‘intermediate disturbance 
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hypothesis only seem to be relevant when settlement rates are high. However, the 
examination of community dynamics have rarely been done when recruitment intensity 
is low and adult abundance is high. Mussel habitats around Kaikoura are an example of 
this. Recruitment of all species of mussels to tuffies was not found to be significantly 
different between mussel and algal habitats yet small populations of mussels persist at 
particular sites and not at others. The consistent settlement of recruits year round onto 
the shore was also reflected in the steady numbers of mussels found in core samples 
taken from adult mussel beds at mussel dominated sites. How these levels compare 
with recruitment at other east coast shores is important to understanding the 
mechanisms behind their persistence. At east coast Banks Peninsula sites, Menge et 
al.  (1999) also found consistently low mussel recruitment from November 1994 to April 
1995. Sites similar to Menge et al. (1999) were also used by Rilov and Schiel (2006) 
and mussel recruitment was found to be on a similar scale. However, according to the 
mean recruitment of four species of mussels into collectors at sites without contiguous 
subtidal reefs in April 2003, they found that thousands of mussels had recruited. 
Although the results obtained in this study were from a small time scale this large influx 
of recruits gives an indication of the high concentrations of mussel larvae that are 
present in larval pools on the east coast. Recruitment is limited in Kaikoura but by no 
means is it the only limiting factor determining the spatial distribution of mussels. 
Recruitment was found to be low but consistent at all sites so the importance of 
recruitment determining local population size cannot be deciphered by measuring 
recruitment rates alone; additional knowledge of mortality patterns are also required 
(Petraitis 1998).  
 
Osman (2004) found that on small isolated substrates, predation on newly settled 
individuals has the potential to control recruitment, regardless of larval supply. The 
mortality of mussels can be the result of many factors, including predation (Menge 
1978a), competition (Paine 1974), or a host of environmental limitations (Menge 1976). 
Predatory invertebrate species are in short supply on the east coast of New Zealand 
and predation pressure on these shores is a result of varying levels of predation by 
groups including whelks (Fairweather et al. 1984, Navarette 1996, Hunt & Schiebling 
1998, Petraitis 1998), sea-stars (Laudien & Wahl 1999), birds (Baird et al. 1985, 
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Wootton 1997, Patrick 2001) and fish (Denny & Schiel 2001, Morrisey et al. 2006, Rilov 
& Schiel 2006). In other temperate locations invertebrates like gastropods have been 
found to be the most important predators on many shores. For example Thais lapillus 
was the cause of the low abundance of mussels and barnacles from sheltered shores 
in New England (Menge 1976). However, studies done by Patrick (2001) and Rilov and 
Schiel (2005) in New Zealand showed that mobile predators have a greater impact on 
temperate shores on the east coast  with both suggesting that fish, especially where 
intertidal platforms are contiguous with intertidal reefs, may be a significant component 
of the suite of predators on the east coast. 
 
Findings similar to those by Rilov and Schiel (2006) were found at sites near Kaikoura 
where mussels were removed from uncaged treatments at all sites within the first 
couple of days, regardless of the types of species that were dominating the habitat. 
This rapid removal is most likely the result of predation by mobile predators as the time 
between location of prey and the commencement of drilling by whelks, which is known 
to leave behind empty shells, is known to take at least four days (Petraitis 1998). This 
fast predation rate of mussels from uncaged treatments operated at a local scale within 
sites as well as between sites indicating that similar species are responsible for the 
removal of mussels from both algal and mussel habitats. All sites were located within 
several metres of subtidal reefs, within the home range of several species of mobile 
fish predators (Denny & Schiel 2001), which may have facilitated this fast predation 
rate.  
 
Mid-shore predation rates were lower than low-shore rates suggesting that bird 
predation is not a significant factor in this system (Marsh 1986). However, rates of 
predation were similar between sites independent of the presence or absence of algae 
and mussels. Variations in intensity of predation and recruitment were not found to be 
the basis governing the absence of mussels from algal dominated shores. However, 
growth rates of juvenile transplanted Xenostrobus pulex were found to be significantly 
different between algal and mussel habitats.   
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Petraitis (1995) addressed the importance of growth in prolonging the persistence of 
mussel beds. He developed a model which linked percent cover of mussels to growth, 
recruitment and mortality. He found that over the short term, mussels suffer from a 
large number of deaths and persist without any change in percent cover, provided the 
remaining mussels can grow fast enough to fill the vacated space. He suggested that 
chronically sparse recruits may be sufficient enough to replenish the beds as long as 
they grow fast enough. However, if conditions do not favour growth then mussels would 
suffer from extensive mortality. This appears to be the case at algal dominated sites 
near Kaikoura. Mussel and algal dominated habitats receive sparse levels of recruits 
but the conditions at mussel dominated sites possibly favour faster growth rates which 
enable mussels to fill vacant space. Many factors are known to influence mussel 
growth with the most likely factor in this system being a limitation in food availability and 
quality.  
 
The amount of food ingested by bivalves is dependent on the availability of food and 
filtration rates (Camacho et al. 1995). Mussel growth is reliant upon the quality and 
quantity of seston or phytoplankton concentrations. Shoreline configuration has been 
examined as a factor that can alter local hydrodynamics that can modify the dispersion 
of small suspended particles including phytoplankton (Aristegui et al. 1997). 
Archambault (1999) examined whether mussel growth of Mytilus edulis was related to 
shoreline configuration via phytoplankton concentration. Embayment size effects were 
observed for both phytoplankton concentrations and mussel growth. Larger 
embayments are thought to retain greater concentrations of phytoplankton explaining 
greater growth increments.  
 
Dahlhoff and Menge (1996) also investigated the relationship between nearshore food 
availability and physiological responses of the mussel Mytilus californianus to gain an 
understanding into the mechanisms underlying variation in community structure 
between rocky intertidal regions. They found a strong link between the seasonal 
variation in the quantity of food available. There are relationships between composition 
of the diet and the metabolic activity of mussels. However, mussels can adjust their 
metabolism depending on the composition of their diet. In conjunction with the 
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observation that mussels respond rapidly to fluctuations in phytoplankton bottom-up 
effects may be a more important determinant of differences in community structure. 
 
The theory of alternative stable states suggests that two or more different types of 
communities are able to occur in the same habitat. The presence of algae on Kaikoura 
shores in areas where mussels could persist may be an example of this. However, 
proving the presence of alternative stable states has been difficult (Connell & Sousa 
1983). The likelihood of each community type switching would be dependent on the 
intensity of perturbation. Petraitis et al. (2003) suspects that the development of a 
mussel bed following a disturbance requires consistently good recruitment over a 
number of years and the successful establishment of mussels will depend on the 
presence and abundance of barnacles and filamentous algae, both of which have been 
suggested to facilitate mussel recruitment (Kitching et al. 1959, Bayne 1964, Menge 
1976, Petraitis 1987, 1990). Barnacles may also improve mussel survivorship by 
diverting predators from mussels and onto barnacles (Fairweather et al. 1984, Petraitis 
1987). They also suggest that the establishment of mussel patches which persist for 
the long-term will depend on the size of the mussel bed and the ability to sustain itself 
and resist invasion (Petraitis 1995). Mussel beds in habitats around Kaikoura seem to 
have a slight edge in survival and growth over other locations. Greater resources for 
survival and growth, and a slightly larger accumulation of recruits through time at 
mussel dominated habitats, have facilitated the persistence of mussel beds around 
Kaikoura. 
 
 
 
5.1 Conclusion  
Recruitment of all mussel species was found to be consistently low at all sites. Recruit 
sized mussels were collected at all sites year round. However, the absence of mussels 
from algal dominated habitats does not appear to be a result of recruitment limitation. 
Experiments examining transplanted mussel removal from algal and mussel dominated 
habitats showed that predation was likely to be the greatest cause of mussel removal 
from sites. However, rates of mussel removal were not significantly different between 
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habitats. This suggests that variation in the intensity of mussel predation between algal 
and dominated habitats does not restrict the distribution of mussels. A significant 
difference was found between habitats in the growth rates of Xenostrobus pulex. The 
culmination of small numbers of recruits through time and a fine balance between rates 
of survival and growth seem to be responsible for the persistence of mussel beds at 
specific sites around Kaikoura.   
References              71 
Alfaro AC, Jeffs AG (2003) Variability in mussel settlement on suspended ropes placed 
at Ahipara Bay, Northland, New Zealand. Aquaculture 216:115-126 
 
Alfaro AC, Jeffs AG, Creese RG (2004) Bottom-drifting algal/mussel spat associations 
along a sandy coastal region in northern New Zealand. Aquaculture 241:269-
290 
 
Alunno-Bruscia M, Petraitis PS, Bourget E, Frechette M (2000) Body size-density 
relationship for Mytilus edulis in an experimental food-regulated situation. Oikos 
90:28-42 
 
Anderson MJ, Underwood AJ (1997) Effects of gastropod grazers on recruitment and 
succession of an estuarine assemblage: a multivariate and univariate approach. 
Oecologia 109 
 
Archambault P, McKindsey CW, Bourget E (1999) Large-scale shoreline configuration 
influences phytoplankton concentration and mussel growth. Estuarine, Coastal 
and Shelf Science 49:193-208 
 
Aristegui J, Tett P, Hernandez-Guerra A, Basterretxea G, Montero MF, Wild K, Sangra 
P, S. H-L, Canton M, Garcia-Braun JA, Pacheco M, Barton ED (1997) The 
influence of island-generated eddies on chlorophyll distribution: a study of 
mesoscale variation around Gran Canaria. Deep-Sea Research 44:71-96 
 
Baird D, Evans PR, Milne H, Pienkowski MW (1985) Utilization by shorebirds of benthic 
invertebrate production in intertidal areas. Oceanographic and Marine Biology 
Annual Review 23:573-597 
 
Barkai A, Branch GM (1988) The influence of predation and substratal complexity on 
recruitment to settlement plates: a test of the theory of alternative states. Journal 
of Experimental Marine Biology and Ecology 124:215-237 
 
Bayne BL (1964) Primary and Secondary settlement in Mytilus edulis L. (Mollusca). 
The Journal of Animal Ecology 33:513-523 
 
Bertness MD, Leonard GH (1997) The role of positive interactions in communities: 
lessons from intertidal habitats. Ecology 78:1976-1989 
 
Benedetti-Cecchi L, Bulleri F, Cinelli F (2000) The interplay of physical and biological 
factors in maintaining mid-shore and low-shore assemblages on rocky coasts in 
the north-west Mediterranean. Oecologia 123:406-417 
 
 
Booth JD (1977) Common Bivalve Larvae from New-Zealand - Mytilacea. New Zealand 
Journal of Marine and Freshwater Research 11:407-440 
 
References              72 
Bradbury IR, Snelgrove PVR (2001) Contrasting larval transport in demersal fish and 
benthic invertebrates: the role of behaviour and advective processes in 
determining spatial pattern. Canadian Journal of Fisheries and Aquatic Sciences 
58:811-823 
 
Broitman BR, Blanchette CA, Gaines SD (2005) Recruitment of intertidal invertebrates 
and oceanographic variability at Santa Cruz Island, California. Limnology and 
Oceanography 50:1473-1479 
 
Buchanan S, Babcock R (1997) Primary and secondary settlement by the Greenshell 
mussel Perna canaliculus. Journal of Shellfish Research 16:71-76 
 
Caley MJ, Carr MH, Hixon MA, Hughes TP, Jones GP, Menge BA (1996) Recruitment 
and the local dynamics of open marine populations. Annual Review of Ecology 
and Systematics 27:477-500 
 
Calvo-Ugarteburu G, McQuaid CD (1998) Parasitism and introduced species: 
epidemiology of trematodes in the intertidal mussels Perna perna and Mytilus 
galloprovincialis. Journal of Experimental Marine Biology and Ecology 220:47-65 
 
Camacho AP, Labarta U, Beiras R (1995) Growth of mussels (Mytilus edulis 
galloprovincialis) on cultivation rafts: Influence of seed source, cultivation sites 
and phytoplankton availability. Aquaculture 138:349-362 
 
Chiswell SM, Schiel DR (2001) Influence of along-shore advection and upwelling on 
coastal temperature at Kaikoura Peninsula, New Zealand. New Zealand Journal 
of Marine and Freshwater Research 35:307-317 
 
Connell JH (1970) A predator-prey system in the marine intertidal region. I Balanus 
glandula and several predatory species of Thais. Ecological Mongraphs 40:49-
77 
 
Connell JH, Slatyer RO (1977) Mechanisms of succession in natural communities and 
their role in community stability and organization. The American Naturalist 
111:1119-1144 
 
Connell JH, Sousa WP (1983) On the evidence needed to judge ecological stability or 
persistence. The American Naturalist 121:789-824 
 
Connell JH (1978) Diversity in tropical rain forests and coral reefs. Science 199:1302-
1310 
 
Connell JH (1985) The Consequences of Variation in Initial Settlement Vs 
Postsettlement Mortality in Rocky Intertidal Communities. Journal of 
Experimental Marine Biology and Ecology 93:11-45 
 
References              73 
Connolly SR, Roughgarden J (1999) Theory of marine communities: Competition, 
predation, and recruitment-dependent interaction strength. Ecological 
Monographs 69:277-296 
 
Connolly SR, Menge BA, Roughgarden J (2001) A latitudinal gradient in recruitment of 
intertidal invertebrates in the northeast Pacific Ocean. Ecology 82:1799-1813 
 
Dahlhoff E, Menge BA (1996) Influence of phytoplankton concentration and wave 
exposure on the ecophysiology of Mytilus californianus. Marine Ecology 
Progress Series 144 
 
Dayton PK (1971) Competition, Disturbance, and Community Organization - Provision 
and Subsequent Utilization of Space in a Rocky Intertidal Community. Ecological 
Monographs 41:351-389 
 
Denny CM, Schiel DR (2001) Feeding ecology of the banded wrasse Notolabrus 
fucicola (Labridae) in southern New Zealand: prey items, seasonal differences, 
and ontogenetic variation. New Zealand Journal of Marine and Freshwater 
Research 35:925-933 
 
Dittman D, Robles C (1991) Effect of Algal Epiphytes on the Mussel Mytilus-
Californianus. Ecology 72:286-296 
 
Doherty PJ (1981) Coral reef fishes: recruitment limited assemblages? Proceedings of 
the Fourth International Coral Reef Symposium:465-470 
 
Dudgeon S, Petraitis PS (2001) Scale-dependent recruitment and divergence of 
intertidal communities. Ecology 82:991-1006 
 
Duffy JE, Hay ME (2000) Strong impacts of grazing amphipods on the organization of a 
benthic community. Ecological Monographs 70:237-263 
 
Fairweather PG, Underwood AJ, Moran MJ (1984) Preliminary investigations of 
predation by the whelk Morula marginalba. Marine Ecology-Progress Series 
17:143-156 
 
Forde SE, Raimondi PT (2004) An experimental test of the effects of variation in 
recruitment intensity on intertidal community composition. Journal of 
Experimental Marine Biology and Ecology 301:1-14 
 
Gaines S, Roughgarden J (1985) Larval settlement rate: A leading determinant of 
structure in an ecological community of the marine intertidal zone. Proceedings 
of the National Academy of Sciences 82:3707-3711 
 
Gaines S, Bertness MD (1992) Dispersal of juveniles and variable recruitment in 
marine species. Nature 360:579-580 
 
References              74 
Gaines S, Bertness MD (1993) The dynamics of juvenile dispersal: Why field ecologists 
must integrate. Ecology 74:2430-2435 
 
Gardner JPA (2000) Where are the mussels on Cook Strait (New Zealand) shores? 
Low seston quality as a possible factor limiting multi-species distributions. 
Marine Ecology-Progress Series 194:123-132 
 
Gardner JPA, Thompson RJ (2001) Naturally low seston concentration and the net 
energy balance of the greenshell mussel (Perna canaliculus) at Island Bay, 
Cook Strait, New Zealand. New Zealand Journal of Marine and Freshwater 
Research 35:457-468 
 
Garza C (2005) Prey productivity effects on the impact of predators of the mussel, 
Mytilus californianus (Conrad). Journal of Experimental Marine Biology and 
Ecology 324:76-88 
 
Genin A, Jaffe JS, Reef R, Richter C, Franks PJS (2005) Swimming against the flow: A 
mechanism of zooplankton aggregation. Science 308:860-862 
 
Gilg MR, Hilbish TJ (2003) The geography of marine larval dispersal: coupling genetics 
with fine-scale physical oceanography. Ecology 84:2989-2998 
 
Guizien K, Brochier T, Duchene JC, Koh BS, Marsaleix P (2006) Dispersal of Owenia 
fusiformis larvae by wind-driven currents: turbulence, swimming behaviour and 
mortality in a three-dimensional stochastic model. Marine Ecology Progress 
Series 311:47-66  
 
Hairston NG, Smith FE, Slodbodkin LB (1960) Community structure population control 
and competition. American Naturalist 94 
 
Hatton S, Hayden BJ, James MR (2005) The Effects of Food Concentration and Quality 
on the Feeding Rates of Three Size Classes of the GreenshellTM Mussel, Perna 
canaliculus. Hydrobiologia 548:1573-5117 
 
Helson JG, Gardner JPA (2004) Contrasting patterns of mussel abundance at 
neighbouring sites: does recruitment limitation explain the absence of mussels 
on Cook Strait (New Zealand) shores? Journal of Experimental Marine Biology 
and Ecology 312:285-298 
 
Hunt HL, Schiebling RE (1998) Effects of whelk (Nucella lapillus (L.)) predation on 
mussel (Mytilus trossulus (Gould), M. edulis (L.)) assemblages in tidepools and 
on emergent rock and wave-exposed rocky shore in Nova Scotia, Canada. 
Journal of Experimental Marine Biology and Ecology 226:87-113 
 
Jones GP, Millcich MJ, Emslle MJ, Lunow C (1999) Self-recruitment in a coral reef fish 
population. Nature 402:802-804 
 
References              75 
Kennedy VS (1977) Reproduction in Mytilus edulis Aoteanus and Aulacomya maoriana 
(Mollusca: Bivalvia) from Taylors Mistake, New Zealand. New Zealand Journal 
of Marine and Freshwater Research 11:255-267 
 
Keough MJ (1984) Dynamics of the epifauna of the bivalve Pinna bicolor:interactions 
among recruitment, predation, and competition. Ecology 65:677-688 
 
Kinlan BP, Gaines SD (2003) Propagule dispersal in marine and terrestrial 
environments: A community perspective. Ecology 84:2007-2020 
 
 
Kitching JA, Sloane JF, Ebling FJ (1959) The ecology of Lough Ine VIII. Mussels and 
their predators. Journal of Animal Ecology 28 
 
Laudien J, Wahl M (1999) Indirect effects of epibiosis on host mortality: Seastar 
predation on differently fouled mussels. Marine Ecology-Pubblicazioni Della 
Stazione Zoologica Di Napoli I 20:35-47 
 
Lawrie SM, McQuaid CD (2001) Scales of mussel bed complexity: structure, 
associated biota and recruitment. Journal of Experimental Marine Biology and 
Ecology 257:135-161 
 
Marsh CP (1986) Rocky intertidal community organisation: the impact of avian 
predators on mussel recruitment. Ecology 67:771-786 
 
McCulloch A, Shanks AL (2003) Topographically generated fronts, very nearshore 
oceanography and the distribution and settlement of mussel larvae and barnacle 
cyprids. Journal of Plankton Research 25:1427-1439 
 
McQuaid CD, Branch GM (1984) Influence of sea temperature, substratum and wave 
exposure on rocky intertidal communities: an analysis of faunal and floral 
biomass. Marine Ecology Progress Series 19:145-151 
 
McQuaid CD, Lindsay JR (2005) Interacting effects of wave exposure, tidal height and 
substratum on spatial variation in densities of mussel Perna perna plantigrades. 
Marine Ecology-Progress Series 301:173-184 
 
Menge BA (1976) Organization of the New England rocky intertidal community: role of 
predation, competition and environmental heterogeneity. Ecological Monographs 
46:22-50 
 
Menge BA (1978) Predation intensity in a rocky intertidal community. Effect of an algal 
canopy, wave desiccation on preedator feeding rates. Oecologia 34:17-35 
 
Menge BA (1983) Components of predation intensity in the low zone of the New 
England rocky intertidal region. Oecologia 58:141-155 
 
References              76 
Menge BA, Sutherland JP (1987) Community regulation: variation in disturbance, 
competition, and predation in relation to environmental stress and recruitment. 
The American Naturalist 130:730-757 
 
Menge BA, Berlow EL, Blanchette CA, Navarette SA, Yamada SB (1994) The keystone 
species concept: variation in interaction strength in a rocky intertidal habitat. 
Ecological Monographs 64:249-286 
 
Menge BA, Daley BA, Lubchenco J, Sanford E, Dahlhoff E, Halpin PM, Hudson G, 
Burnaford JL (1999) Top-down and bottom-up effects regulation of New Zealand 
rocky intertidal communities. Ecological Monographs 69:297-330 
 
Menge BA (2000) Recruitment vs. postrecruitment processes as determinants of 
barnacle population abundance. Ecological Mongraphs 70:265-289 
 
Menge BA (2000a) Recruitment vs. postrecruitment processes as determinants of 
barnacle population abundance. Ecological Mongraphs 70:265-289 
 
Menge BA (2000b) Top-down and bottom-up community regulation in marine rocky 
intertidal habitats. Journal of Experimental Biology and Ecology 250:257-289 
 
Menge BA, Lubchenco J, Bracken MA, Chan F, Foley MM, Friedenburg TL, Gaines 
SD, Hudson G, Krenz.C., Menge DNL, Russell R, Webster MS (2003) Coastal 
oceanography sets the pace of rocky intertidal community dynamics. 
Proceedings of the National Academy of Sciences 100:12229-12234 
 
Molares J, Fuentes J (1995) Recruitment of the mussel Mytilus galloprovincialis on 
collectors situated on the intertidal zone in the Ria de Arousa (NW Spain). 
Aquaculture 138:131-137 
 
Morrisey DJ, Cole RG, Davey NK, Handley SJ, Bradley A, Brown SN, Madarasz AL 
(2006) Abundance and diversity of fish on mussel farms in New Zealand. 
Aquaculture 252:277-288 
 
Navarette SA (1996) Variable predation: effects of whelks on a mid-intertidal 
successsional community. Ecological Monographs 66:301-321 
 
Navarette SA, Wieters EA, Broitman BR, Castilla JC (2005) Scales of benthic-pelagic 
coupling and the intensity of species interactions: From recruitment limitation to 
top-down control. Proceedings of the National Academy of Sciences of the 
United States of America 102:18046-18051 
 
Nielson KJ, Franz DR (1995) The influence of adult conspecifics and shore level on 
recruitment of the ribbed mussel Geukensia demissa (Dillwyn). Journal of 
Experimental Biology and Ecology 188:89-98 
 
References              77 
Nielson KJ, Navarette SA (2004) Mesoscale regulation comes from the bottom-up: 
intertidal interactions between consumers and upwelling. Ecology Letters 7:31-
41 
 
Osman RW, Whitlatch RB (2004) The control of the development of a marine benthic 
community by predation on recruits. Journal of Experimental Marine Biology and 
Ecology 311:117-145 
 
Paine RT (1966) Food web complexity and species diversity. American Naturalist 
100:65-75 
 
Paine RT (1971) A short-term experimental investigation of resource partitioning in a 
New Zealand rocky intertidal habitat. Ecology 52:1096-1106 
 
Paine RT (1974) Intertidal community structure-Experimental studies on relationship 
between dominant competitor and its principal predator. Oecologia 15:93-120 
 
Paine RT, Castilla JC, Cancino J (1985) Perturbation and recovery patterns of starfish-
dominated intertidal assemblages in chile, New Zealand, and Washington State. 
The Americal Naturalist 125:679-691 
 
Patrick BR (2001) Predation rates along a wave exposure gradient on the East Coast 
of the South Island, New Zealand. Unpublished MSc thesis, University of 
Canterbury 
 
Petraitis PS (1987) Factors Organizing Rocky Intertidal Communities of New-England - 
Herbivory and Predation in Sheltered Bays. Journal of Experimental Marine 
Biology and Ecology 109:117-136 
 
Petraitis PS (1990) Direct and Indirect Effects of Predation, Herbivory and Surface 
Rugosity on Mussel Recruitment. Oecologia 83:405-413 
 
Petraitis PS (1991) Recruitment of the Mussel Mytilus-Edulis-L on Sheltered and 
Exposed Shores in Maine, USA. Journal of Experimental Marine Biology and 
Ecology 147:65-80 
 
Petraitis PS (1995) The Role of Growth in Maintaining Spatial Dominance by Mussels 
(Mytilus-Edulis). Ecology 76:1337-1346 
 
Petraitis PS (1998) Timing of mussel mortality and predator activity in sheltered bays of 
the Gulf of Maine, USA. Journal of Experimental Marine Biology and Ecology 
231:47-62 
 
Petraitis PS (1999) The importance of scale in testing the origins of alternative 
community states- Concepts and Synthesis. Ecology 80:429-442 
 
References              78 
Petraitis PS, Rhile EC, Dudgeon S (2003) Survivorship of juvenile barnacles and 
mussels: spatial dependence and the origin of alternative communities. Journal 
of Experimental Marine Biology and Ecology 293:217-236 
 
Pineda J (2000) Linking larval settlement to larval transport: Assumptions, potentials, 
and pitfalls. Oceanography of the Eastern Pacific 1:84-105 
 
Purlfrich A (1996) Attachment and settlement of post-larval mussels (Mytilus edulis L.) 
in the  Schelswig-Holstein Wadden Sea. Journal of Sea Research 36:239-250 
 
Possingham HP, Tuljapurkar S, Roughgarden J, Wilks M (1994) Population Cycling in 
Space-Limited Organisms Subject to Density-Dependent Predation. American 
Naturalist 143:563-582 
 
Rilov G, Schiel DR (2006) Seascape-dependent subtidal- intertidal trophic linkages. 
Ecology 87:731-744 
 
Robles C (1987) Predator foraging characteristics and prey population structure on a 
sheltered shore. Ecology 68:1502-1514 
 
Robles C (1997) Changing recruitment in constant species assemblages:Implications 
for predation theory in intertidal communities. Ecology 78:1400-1414 
 
Roughgarden J, Gaines S, Possingham H (1988) Recruitment Dynamics in Complex 
Life-Cycles. Science 241:1460-1466 
 
Roughgarden J, Pennington T, Alexander S (1994) Dynamics of the Rocky Intertidal 
Zone with Remarks on Generalization in Ecology. Philosophical Transactions of 
the Royal Society of London Series B-Biological Sciences 343:79-85 
 
Schiel DR (2004) The structure and replenishment of rocky shore intertidal 
communities and biogeographic comparisons. Journal of Experimental Marine 
Biology and Ecology 300:309-342 
 
Scheltema RS (1986) On dispersal and planktonic larvae of benthic invertebrates: an 
eclectic overview and summary of problems. Bulletin of Marine Science 39:290-
322 
 
Schmitt RJ, Holbrook SJ (2000) Habitat-limited recruitment of coral reef damselfish. 
Ecology 81:3479-3494 
 
Seed R, Suchanck TH (1992) Population and community ecology of Mytilus. In: 
E.Gosling (ed) The mussel Mytilus: Ecology, Physiology, Genetics and Culture. 
Elsevier Press, Oxford. 
 
Shanks AL, Brink L (2005) Upwelling, downwelling, and cross-shelf transport 
of bivalve larvae: test of a hypothesis. Marine Ecology Progress Series 302:1-12 
References              79 
 
Sherwood RM, Petraitis PS (1998) Mortality differences of two intertidal mussels, 
Mytilus edulis L. and Geukensia demissa (Dillwyn), in a New Jersey salt marsh. 
Journal of Experimental Marine Biology and Ecology 231:255-265 
 
Shkedy Y, Roughgarden J (1997) Barnacle recruitment and population dynamics 
predicted from coastal upwelling. Oikos 80:487-498 
 
Sousa WP (1979) Disturbance in marine intertidal boulder fields: the nonequilibrium 
maintenance of species diversity. Ecology 60:1225-1329 
 
Steffani CN, Branch GM (2003) Growth rate, condition, and shell shape of Mytilus 
galloprovincialis: responses to wave exposure. Marine Ecology-Progress Series 
246:197-209 
 
Suchanek TH (1981) The role of disturbance in the evolution of life history strategies in 
the intertidal mussels Mytilus edulis and Mytilus californianus. Oecologia 50:143-
152 
 
Taylor DI, Schiel DR (2005) Self-replacement and community modification by the 
southern bull kelp Durvillaea antarctica. Marine Ecology-Progress Series 
288:87-102 
 
Underwood AJ (1997) Experiments in ecology: their logical design and interpretation 
using analysis of variance, Cambridge University Press, Cambridge 
 
Watanabe JM (1984) The influence of recruitment, competition, and benthic predation 
on spatial distributions of 3 species of kelp forest gastropods (Trochidae, 
Tegula). Ecology 65:920-936 
 
Witman JD (1987) Subtidal coexistence: storms, grazing, mutualism, and the zonation 
of kelps and mussels. Ecological Mongraphs 57:167-187 
 
Wooton JT (1993) Size-dependent competition: effects on the endpoint of mussel bed 
succession. Ecology 74:195-206 
 
 
 
 
 
 
 
 
 
 
 
